The early stages of massive star formation: tracing the physical and chemical conditions in hot cores by Calcutt, HM
UNIVERSITY COLLEGE LONDON
Faculty of Mathematics and Physical Sciences
Department of Physics & Astronomy
The early stages of massive star formation:
tracing the physical and chemical
conditions in hot cores
Thesis submitted for the Degree of Doctor of
Philosophy at University College London
by
Hannah Calcutt
Supervisors: Examiners:
Professor Serena Viti Professor Ian D. Howarth
Professor Michael J. Barlow Dr Antonio Chrysostomou
April 7, 2015Non est ad astra mollis e terris via.I, Hannah Calcutt, conﬁrm that the work presented in this thesis is my own. Where
information has been derived from other sources, I conﬁrm that this has been indicated
in the thesis.Abstract
Molecules are essential to the formation of stars, by allowing radiation to escape the cloud
and cooling to occur. Over 180 molecules have been detected ini n t e r s t e l l a re n v i r o n m e n t s ,
ranging from comets to interstellar clouds. Their spectra are useful probes of the conditions
in which these molecules form. Comparison of rest frequencies to observed frequencies can
provide information about the velocity of gas and indicate physical structures. The density,
temperature, and excitation conditions of gas can be determined directly from the spectra
of molecules. Furthermore, by taking a chemical inventory ofap a r t i c u l a ro b j e c t ,o n ec a n
gain an understanding of the chemical processes occurring within a cloud. The class of
molecules known as complex molecules (>6a t o m s ) ,a r eo fp a r t i c u l a ri n t e r e s tw h e np r o b i n g
the conditions in massive starforming environments, as theya r eo b s e r v e dt ot r a c eam o r e
compact region than smaller molecules.
This thesis details the work of my PhD, to explore how complex molecules can be
used to trace the physical and chemical conditions in hot cores (HCs), one of the earliest
stages of massive star formation. This work combines both theo b s e r v a t i o n sa n dc h e m i c a l
modelling of several diﬀerent massive star-forming regions. We identify molecular transi-
tions observed in the spectra of these regions, and calculatec o l u m nd e n s i t i e sa n dr o t a t i o n
temperatures of these molecules (Chapters 2 and 3). In Chapter 4, we chemically model
the HCs, and perform a comparison between observational column densities and chemical
modelling column densities. In Chapter 5, we look at the abundance ratio of three isomers,
acetic acid, glycolaldehyde, and methyl formate, to ascertain whether this ratio can be
used as an indicator of HC evolution. Finally, we explore the chemistry of the HC IRAS
17233–3606, to identify emission features in the spectra, and determine column densities
and rotation temperatures of the detected molecules.Acknowledgements
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Introduction
Long you live and high you ﬂy
And smiles you’ll give and tears you’ll cry
And all you touch and all you see
Is all your life will ever be.
Breathe, Pink Floyd
The environments in which massive young stellar objects (YSOs) form are observationally
complex. Figure 1.1 shows an example of a massive star–forming region. These regions are
characterised by dense clouds of gas and dust, with prominentH I Ir e g i o n s ,w h e r en e w l y
formed O and B stars ionize the gas. Within these regions, the earliest stages of massive
star formation can be observed. Massive stars form in dense regions which are highly
obscured, making the study of their formation diﬃcult (Churchwell et al. 1990; Cesaroni
et al. 1991; Plume et al. 1992). High mass stars evolve quicklyc o m p a r e dt ol o wm a s s
stars. The core contracts from a low to a very high density (107 cm−3), in ∼104 –1 0 5 yr,
reaching the zero–age main sequence while still embedded (Palla & Stahler 1993). These
conditions make observationally probing how massive stars form a challenge. However,
with the development over the last 50 years of millimetre and sub–millimetre interfero-
metric and single–dish telescopes, it has been possible to probe these environments with
the spectra of molecules.
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Figure 1.1: An example of a massive star–forming region in theC a r i n aN e b u l a . I m -
age credit: NASA, ESA, N. Smith (U.C. Berkeley), and the Hubble Heritage Team
(STScI/AURA).
Molecules play an important role in star formation, by providing the low opacity re-
quired for radiation to escape the cloud and cooling to occur.F o re x a m p l e ,w i t h o u tt h e
presence of CO the core would heat up, thereby increasing the thermal pressure at an ear-
lier stage, limiting the radius to which the core collapses. This is expected to be important
in Population III stars, where owing to the metal free environments in the early universe,
H2 was the main coolant, and stars were more massive and short–lived than present–day
stars (Dalgarno & van der Loo 2006).
Over 180 molecules have been detected in astronomical environments, ranging from
comets to interstellar clouds. Their spectra are useful probes of the conditions in which
these molecules form. Comparison of rest frequencies to observed frequencies can provide
information about the velocity of gas and indicate physical structures such as rotating
disks and outﬂows. The density, temperature, and excitationc o n d i t i o n so fg a sc a nb e
determined directly from the spectra of molecules. Furthermore, by taking a chemical
inventory of a particular object, one can gain an understanding of the chemical processes
occurring within a cloud. By using high spatial resolution observations, one can probe the
spatial chemical diﬀerentiation within star–forming regions, and by comparing multiple
objects at diﬀerent evolutionary stages, one can gain an insight into the time dependent
nature of the chemistry in these regions.33
In particular, the detection of complex molecules (>6a t o m s )h a sa l l o w e dt h ec o n d i t i o n s
closer to where the star is forming to be studied, as complex molecules have been observed
to trace a more compact region than simpler molecules (Beltr´a n e t a l . 2 0 0 9 ) . T h e a d d e d
complexity of the chemistry required to create such molecules, and their signiﬁcance in
the development of life, means that they are a prominent area of research. Increasingly,
complex molecules are being detected in new and diverse environments (Herbst & van
Dishoeck 2009), and are seen to trace higher densities and temperatures in massive star
formation that have not been traced before. This makes them the ideal molecules to search
for in order to probe the most compact regions closest to wheret h es t a ri sf o r m i n g .
This thesis details the work of my PhD, to explore how complex molecules can be used
to trace the earliest stages of massive star formation. The following chapters describe
both the observations, and chemical–modelling of several diﬀerent massive star–forming
regions, concluding with the signiﬁcance this new work brings to the ﬁeld, and a discussion
of the future work that is needed to understand massive star–forming environments.
In particular, the work looks to answer the following questions in relation to complex
organic molecules:
• What are the best chemical tracers of the hottest, densest regions, close to where
the star is forming?
• Can molecules be used to trace the mass of the ﬁnal star in a star–forming region?
• What are the best tracers of the evolution of massive star formation?
• How does the chemistry of the local Galactic environment diﬀer from that of Galactic
Centre chemistry?
In the following section we discuss the scientiﬁc backgroundo fm a s s i v es t a rf o r m a t i o n ,
and the observational techniques that have been used in this thesis.34 Chapter 1. Introduction
1.1 Mechanisms for the formation of massive stars
Determining the speciﬁc mechanisms of massive star formation is an area of active research.
Af u l lt h e o r e t i c a lu n d e r s t a n d i n go ft h ep r o c e s s e si n v o l v e das well as the observational signa-
tures of these mechanisms is needed. Currently, the most prominent proposed mechanisms
are core accretion, and competitive accretion. The core accretion model is an extension
of low–mass star formation models (Shu et al. 1987), whereby am a s s i v ec o r ef r a g m e n t e d
from a large molecular cloud undergoes gravitational collapse. The pre–stellar core mass
function has a shape similar to the stellar initial mass function (McKee & Tan 2002, 2003).
In competitive accretion, a central massive star is formed when low–mass cores compete to
accrete mass from the surrounding molecular cloud (Bonnell 2007). Through this model
as i g n i ﬁ c a n tn u m b e ro fb i n a r ys y s t e m sa r ef o r m e d ,w h i c hi ne x treme cases merge to form
very high–mass stars. This process has been observed in simulations by Bonnell & Bate
(2002), of accretion onto a large stellar cluster.
Both mechanisms predict the presence of accretion disks around massive YSOs, and
the presence of molecular outﬂows (Leurini et al. 2011). The properties of both disks and
outﬂows, however, diﬀer signiﬁcantly between the two mechanisms:
In competitive accretion, the average accretion rates are much lower than in core ac-
cretion, and therefore in order to accrete enough material tof o r mm a s s i v es t a r s ,t h e ym u s t
form in regions of global gravitational collapse with negligible random motions (Tan et al.
2014). Simulations by Wang et al. (2010) explored the eﬀects of protostellar outﬂows and
moderately strong magnetic ﬁelds on competitive accretion.T h e yf o u n dt h a tt h em a s s i v e
stars were fed at high rates by transient dense ﬁlaments produced by large–scale turbulent
compression at early times in the simulations, with the bulk of mass in the star drawn
from the wider clump. The outﬂows disrupt the accretion process by breaking up the
ﬁlamentary structures that fed the massive star. This feedback process leads to relatively
slow timescales for massive star formation (1Myr), however,t h i si sh e a v i l yd e p e n d e n to n
the initial conditions in the clump such as the degree of magnetisation, and the level of
turbulence in the clump.
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funnelled towards the protocluster centre, leading to high gas densities. Observationally
this would translate to detections of massive stars in the centre of protoclusters. Obser-
vational evidence for this mechanism can also be seen in the size of accretion disks, as
simulations indicate that disks would be smaller in competitive accretion compared to
those in the core accretion, and exhibit randomly varying orientations. This would also
be reﬂected in the orientation of the protostellar outﬂows (Tan et al. 2014).
In core accretion it is assumed that the internal pressure is mostly due to turbulence
and magnetic ﬁelds. Additionally, pressure equilibrium with the surrounding clump is
assumed. Collapse occurs in a semi–stable Bonnor–Ebert sphere, with an accretion rate
that is initially very large but then falls to the Shu rate of accretion seen in low–mass stars
(Shu et al. 1987). The angular momentum of the accretion disk is transferred outwards
via disk turbulence and large scale spiral density waves (Tane ta l .2 0 1 4 ) .M a g n e t i cﬁ e l d s
may slow the accretion if a strong stellar B–ﬁeld is present, but the ﬁeld strength required
would be >kG (Rosen et al. 2012). This magnetic breaking is important int r u n c a t i n gt h e
size of the disk, otherwise the disk may extend to the protostellar surface, which would
lead to rotation rates close to values that would disrupt the disk.
Ak e yp r e d i c t i o no fc o r ea c c r e t i o ni ss t a r l e s sc o r e s ,a so b s e rved in low–mass star for-
mation. These objects would be <0.1pc in size and go on to form single stars or small
multiple systems. Observations of starless cores have proved elusive, however, Cyganowski
et al. (2014) recently reported the detection of a possible massive starless core, G11.92–
0.61-MM2. More examples of massive starless core are needed,h o w e v e r ,t os u p p o r tt h e
core accretion mechanism.
The rapid evolution of massive stars from low to high densities, reaching the zero–age
main sequence while still embedded in their natal clouds, is ap r o b l e mf o ra n yp r o p o s e d
mechanism of massive star formation. They must overcome the limits that radiative feed-
back place upon mass accretion. Wolﬁre & Cassinelli (1987) suggested that strong ram
pressures produced by a high–mass accretion rate (∼10−3 M⊙yr−1)c o u l db ee n o u g ht o
overcome radiation feedback, and produce the most massive stars. This criteria, however,
was derived assuming spherical accretion, and if disk–like accretion occurs as is suggested
in the competitive and core accretion mechanisms, ram pressures must be even larger in36 Chapter 1. Introduction
order to overcome the eﬀects of radiative feedback. Tanaka & Nakamoto (2010) suggest
an alternative mechanism for overcoming the radiation pressure, the “OMOSHI” eﬀect.
The “OMOSHI” is an acronym for “One Mechanism for Overcoming Stellar High radiation
pressure by weIght”. It is when the weight of the accumulated accretion ﬂow can overcome
the direct radiation pressure from the protostar, and stars can form with steady mass ac-
cretion ﬂows with a low accretion rate. Dust particles close to the star sublimate, leading
to a dust–free region, with very small gas opacity. This prevents the eﬃcient absorption
of stellar radiation by the accreting gas, resulting in the large outward momentum of the
radiation being transferred to the accretion ﬂow, and mass accretion being disrupted. If
the accretion rates are not high enough to overcome this (i.e.ah i g hr a mp r e s s u r e ) ,t h i s
problem can be overcome if the surface density of the ﬂow is suﬃcient. This eﬀect dra-
matically reduces the requirement for high accretion rates in order to form massive stars.
Further details and a derivation of the condition required too v e r c o m er a d i a t i o np r e s s u r e
are beyond the scope of this thesis, but can be found in Tanaka &N a k a m o t o( 2 0 1 0 ).
Currently, there is no enough observational evidence to clearly support any of these
mechanisms. Determining accretion disk sizes and accretionr a t e s ,h o w e v e r ,w i l lc l e a r l y
distinguish between them. High resolution observations aren e e d e do fm o l e c u l e st h a tt r a c e
only the most compact regions surrounding the forming protostar, if accretion disks are
to be detected.
1.2 The earliest stages of massive star formation
The earliest stages of massive star formation can be split into three distinct phases, the
cold core phase, the warm–up phase, and the hot core phase. Observationally we detect
the cold core phase by observations of infrared dark clouds (IRDCs) (Figure 1.2). These
cold (10K) and dense (104 –1 0 5 cm−3)o b j e c t sa r es e e na se x t i n c t i o nf e a t u r e sa g a i n s t
the bright mid–infrared Galactic background. They may contain numerous cold cores at
diﬀerent stages of collapse. Within these objects hydrogen is mostly bound as H2,a n d
gas phase species accrete onto the dust grains, where a surface chemistry can proceed
and ices can form (Hasegawa et al. 1992; Pickles & Williams 1977; Ruﬄe & Herbst 2001;
Tielens & Hagen 1982). These ‘icy grain mantles’ are key for the formation of both H21.3. Molecular tracers 37
Figure 1.2: The IRDC G11.11–0.11, taken from Carey et al. (2009). This is a three colour
composite (8, 24, and 70 µm) from the MIPSGAL survey.
(Hollenbach & Salpeter 1970, 1971; Hollenbach et al. 1971) and most complex molecules,
as they provide a catalytic surface, where molecules formed in the gas phase can ‘stick’ to
and undergo surface reactions .
As the forming protostar heats up the gas and dust, the cores enter the warm–up
phase. At this stage molecules on the surface of the grains begin to sublimate back in to
the gas phase. When the temperatures reach 100–300 K all grain–surface species subli-
mate (Herbst & van Dishoeck 2009), and gas–phase chemistry dominates the production
and destruction of molecules. This stage is known as the hot core phase. Hot cores, or as
they are often known hot molecular cores (HMCs), are typically much larger than their
low–mass analogues (∼ 0.18pc). A rich chemistry is observed in these objects, wheret h e
most complex molecules are detected. Figure 1.3 shows the spectra of the Orion nebula hot
core, taken with the HIFI instrument on the Herschel space observatory (ESO, HEXOS
and the HIFI consortium, E. Bergin). This Figure highlights the crowded spectra that
can be seen in hot cores in a small frequency range. This high spectral density can make
identifying molecules a diﬃcult task.
1.3 Molecular tracers
It is important to determine the best tracers of the diﬀerent stages of massive star for-
mation, in order to best map the physical and chemical conditions found around forming38 Chapter 1. Introduction
Figure 1.3: An example spectra of the Orion nebula hot core, taken with the HIFI in-
strument on the Herschel space observatory in the frequency range 520–635GHz. Image
credit: ESO, HEXOS and the HIFI consortium, E. Bergin.
stars. One of the most common tracers of interstellar gas is CO. CO and its isotopo-
logues are easily excited at 10 K, making transitions such as CO (1–0) excellent tracers
of IRDCs. As well as tracing gas, CO also traces the fraction ofs p e c i e st h a ta r ef r o z e n
on to the grain–surface, otherwise known as the depletion factor. Within the cloud, the
diﬀerent density structures that arise during the star formation process can be traced by
observations of HCO+ (1–0) and N2H+ (1–0) (Zhu et al. 2007), which also provide con-
straints on the cosmic ray ionisation rate (Williams & Viti 2013). The ratio of N2H+ to
HCO+ can be used as an indicator of CO depletion, as the abundance ofN 2H+ increases
with CO freeze–out. The line proﬁles of HCO+ (3–2) and CS (2–1) (Lehtinen 1997) can
be used to search for the signatures of gravitational collapse. The proﬁles of HCN transi-
tions can also be used to indicate gravitational collapse in ac l o u d .T h e s ei n f a l lm o t i o n s
are determined through the observation of P–Cygni proﬁles. They result from optically
thick emission in a collapsing cloud, where the gas moving towards the observer on the far
side of the cloud is blue–shifted, and the gas on the near side of the cloud is red shifted
resulting in self absorption in the line proﬁle. To conﬁrm an infall signature is present
observations of an optically thin transition are also needed, to ensure there aren’t multiple
velocity components present (Tan et al. 2014).1.3. Molecular tracers 39
As star formation proceeds in the cloud, and the protostar ‘switches on’, typical sign-
posts of massive star formation, such as jets, shocks, outﬂows, and masers are observed.
SiO is an excellent tracer of the shocks inside jets, and suﬀers minimal contamination from
infalling envelopes, tracing regions close to the protostar( C o d e l l ae ta l .2 0 1 3 ) .D e t e c t i o n
of high–velocity wings on the line proﬁles of CO and H2St r a n s i t i o n sa r ec h a r a c t e r i s t i co f
molecular outﬂows (Gibb et al. 2004). Masers are often seen inC H 3OH, H2O, and OH,
and CH3OH masers with weak radio continuum ﬂux have been found to be associated with
massive (∼50 M⊙), luminous (∼104 L⊙), and deeply embedded cores, in protoclusters of
young massive protostars (Minier et al. 2005).
The best molecular tracers of compact structures within hot cores are not clear. Ide-
ally, they should be optically thin, and trace only the hot gasa r o u n dt h ec e n t r a lp r o t o s t a r
and not its envelope (Leurini et al. 2011). A variety of complex molecules have been sug-
gested as the best tracers of these regions, and as the most suitable molecules to detect
accretion disks around forming massive stars. Evidence of rotating structures have been
observed by several authors (e.g. Cesaroni 2002; Beltr´ an eta l .2 0 0 5 ) ,a n do b s e r v a t i o n s
have focused on the CH3CN and CH3
13CN (12–11) K ladder. CH3CN transitions have a
wide range of upper energy levels from 69–1605 K, and it is alsoal o wa b u n d a n c em o l e c u l e
which is excited in very dense regions, making it an excellentt r a c e ro fd i s k s( B e l t r ´ a ne ta l .
2005). It has been found to trace compact regions in hot cores,b u ti n c r e a s i n g l yo t h e r
complex molecules have been found to trace more compact regions, closer to where the
star is forming (Beltr´ an et al. 2009).
To date, more than 50 complex molecules have been detected in space. Table 1.1 lists
the hydrocarbons, N–containing species, O–containing species, and S containing species
that have been detected in star–forming environments, as well as the locations in which
they have been found (based on the table in Herbst & van Dishoeck 2009). These detections
have provided an insight into the complex chemistry that can occur around forming stars,
and have led to the study of the wide range of chemical processes needed to form these
molecules. In particular, the observed abundances of many oft h e s es p e c i e sw a sf o u n dt o
be much higher than expected from pure gas phase reactions alone, indicating additional
mechanisms of formation.40 Chapter 1. Introduction
Table 1.1: Complex molecules that have been detected in star–forming environments,
including the location that they have been detected in. ‘cc’ stands for cold core, ‘hc’
stands for hot core/corino, ‘lc’ stands for lukewarm corino,‘ g c ’s t a n d sf o rG a l a c t i cC e n t r e
cloud, ‘circ’ stands for circumstellar envelope around evolved a star/protoplanetary nebula,
and ‘of’ stands for outﬂow. This table is based on the table in Herbst & van Dishoeck
(2009).
Species Name Source Species Name Source
Hydrocarbons N–Containing
C2H4 Ethene circ CH3CN Methyl cyanide cc, hc, of
HC4H Butadiyne circ CH3NC Methyl isocyanide hc
H2C4 Butatrienylidene circ, cc, lc CH2CNH Keteneimine hc
C5H Pentadiynyl circ, cc HC3NH+ Prot. cyanoacetylene cc
CH3C2H Propyne cc, lc C5N Cyanobutadiynyl circ, cc
C6H Hexatriynyl circ, cc, lc HC4N Cyanopropynylidene circ
C6H– Hexatriynyl ion circ, cc, lc CH3NH2 Methylamine hc, gc
H2C6 Hexapentaenylidene circ, cc, lc C2H3CN Vinyl cyanide cc, hc
HC6HT r i a c e t y l e n e c i r c H C 5NC y a n o d i a c e t y l e n e c i r c , c c
C7HH e p t a t r i y n y l c i r c , c c C H 3C3NM e t h y l c y a n o a c e t y l e n e c c
CH3C4HM e t h y l d i a c e t y l e n e c c C H 2CCHCN Cyanoallene cc
CH3CHCH2 Propylene cc NH2CH2CN Aminoacetonitrile hc
C8HO c t a t e t r a y n y l c i r c , c c H C 7NC y a n o t r i a c e t y l e n e c i r c , c c
C8H– Octatetraynyl ion circ, cc C2H5CN Ethyl cyanide hc
CH3C6HM e t h y l t r i a c e t y l e n e c c C H 3C5NM e t h y l c y a n o d i a c e t y l e n e c c
C6H6 Benzene circ HC9NC y a n o t e t r a a c e t y l e n e c i r c , c c
O–Containing C3H7CN N–propyl cyanide hc
CH3OH Methanol cc, hc, gc, of HC11N Cyanopentaacetylene circ, cc
HC2CHO Propynal hc, gc
CH3CHO Acetaldehyde cc, hc, gc
c–CH2OCH2 Ethylene oxide hc, gc
CH3COOH Acetic acid hc, gc
C2H3CHO Propenal hc, gc
CH3OCH3 Methyl ether hc, gc
HOCH2CH2OH Ethylene glycol hc, gc
HCOOC2H5 Ethyl formate hc S–Containing
c–C3H2OC y c l o p r o p e n o n e g c C H 3SH Methyl mercaptan hc
C2H3OH Vinyl alcohol hc Na n dO – C o n t a i n i n g
HCOOCH3 Methyl formate hc, gc, of NH2CHO Formamide hc
CH2(OH)CHO Glycolaldehyde hc, gc CH3CONH2 Acetamide hc, gc
C2H5OH Ethanol hc, of
C2H5CHO Propanal hc, gc
CH3COCH3 Acetone hc
1.4 Chemical processes
1.4.1 Gas–phase chemistry
In the low temperatures of IRDCs, the dominant chemistry thato c c u r si st h r o u g he x o t h e r -
mic reactions which have no activation energy (Herbst & van Dishoeck 2009). Ion–neutral
reactions are common as they obey this constraint (Herbst & Klemperer 1973; Watson
1973), however, some exothermic neutral–neutral reactionsd oo c c u r .T h eh i g ho p a c i t i e s
(τ ∼5) seen in IRDCs means that UV photons from surrounding protostars can not pen-
etrate the cloud. Cosmic rays, however, have signiﬁcant energy to penetrate the cloud,
and have an important inﬂuence on the chemistry by forming many ions. The secondary1.4. Chemical processes 41
electrons from this process then cause a signiﬁcant fractiono ft h ei o n i s a t i o ni nt h ec l o u d
(Cravens & Dalgarno 1978). Cosmic rays also lead to a non–negligible UV ﬂux inside the
cloud from the excitation of H2 by secondary electrons, which then reradiate back to the
ground state (Gredel et al. 1989; Prasad & Tarafdar 1983).
1.4.2 Grain–surface chemistry
Molecules accrete on to the surface of dust grains via either van der Waals forces (physi-
sorption) or by chemical valence forces (chemisorption) (Watson & Salpeter 1972). Due
to the potential barrier in chemisorption accretion, most molecules accrete on to the dust
grains through physisorption in IRDCs. The grain–surface acts as a catalytic surface, al-
lowing a more complex chemistry to arise in the cloud. There are three main mechanisms
for surface reactions which are illustrated in Figure 1.4:
The Langmuir–Hinshelwood mechanism: Molecules are formed on the surface of
the grain when one species diﬀuses to the binding site of another species, by tunnelling or
thermal hopping over the energy barrier Eb between binding sites. Once reactants are in
the same energy minima they can react forming a new species.
The Eley–Rideal mechanism: When a gas phase species lands on to another grain–
surface species they can react and form a new species.
The hot atom mechanism: Ag a sp h a s es p e c i e sh a ss u ﬃ c i e n te n e r g yt ol a n do nt h e
grain–surface, and collide with a grain–surface species before thermalisation.
These mechanisms have been found to be the most signiﬁcant formation routes for
many complex molecules (e.g. CH2(OH)CHO, HCOOCH3;W o o d se ta l .2 0 1 2 ;O c c h i o g r o s s o
et al. 2011.
An important factor in determining grain–surface formationa n dd e s t r u c t i o np a t h w a y s ,
as well as reaction rates for any species, is the modelling of the icy grain mantles in
laboratory conditions. Laboratory studies typically modelt h ed u s ts u r f a c ei nah i g h
pressure vacuum (10−10 –10 −11 mbar), at low temperatures (12 –15 K), using a mass
spectrometer to determine the species formed on the grain–surface. An example of such42 Chapter 1. Introduction
Figure 1.4: The Langmuir–Hinshelwood, hot atom, and Eley–Rideal mechanisms for
grain–surface reactions, where S is the sticking coeﬃcient,E D is the desorption energy for
as p e c i e s ,a n dE b is the energy barrier for a species to ‘jump’ to another location on the
grain–surface. Image taken from Herbst & van Dishoeck (2009).
experiments, of signiﬁcance to this thesis, is the sublimation and irradiation studies of
the molecule glycolaldehyde by Burke et al. (2012). This workh e l p st od e t e r m i n et h e
reaction rates for the formation and destruction of glycolaldehyde, as well as the kinetic
parameters for the desorption of the species. These physicalp a r a m e t e r sa r en e e d e di n
order to accurately model the chemistry observed in massive star–forming regions.
1.5 Molecular spectroscopy
In order to determine the physical and chemical conditions within hot cores, it is essential
to be able to detect the large number of energy level transitions available in molecular
emission. In addition to the electronic states seen in atoms,e a c he l e c t r o n i cs t a t eo fa
molecule will have additional transitions associated with it, due to the degrees of freedom
associated with the vibration and the rotation of the molecule. Each electronic state has a
ladder of vibrational transitions, which each have a ladder of rotational transitions. Tran-
sitions between rotational and vibrational states are called ro–vibrational transitions, and
can be detected in the infrared. Pure rotational transitionsb e t w e e nr o t a t i o n a ls t a t e so f
the same vibrational level occur in the far–infrared, millimetre and sub–millimetre range.
Most molecules are detected through their rotational transitions, meaning that it is es-
sential that reliable laboratory rotational spectra are obtained of molecules wishing to
be detected in interstellar environments. Microwave spectroscopists have been studying
the rotational spectra of large numbers of molecules since the 1930s (Townes & Schawlow
1955). Initially, most studies focused on frequency ranges from 1–40 GHz, but eventu-1.5. Molecular spectroscopy 43
ally studies moved on to the millimetre (30–300 GHz), and sub–millimetre range (300 –
1000 GHz) (Herbst & van Dishoeck 2009), with select groups noww o r k i n gb e y o n d1T H z
(Xu et al. 2008). These experiments typically involve irradiating a solid–state source of
molecules, and then recording the millimetre and sub–millimetre spectrum using a spec-
trometer (Haykal et al. 2012). These methods can achieve an experimental error of < 1
kHz on the rest frequencies of molecular transitions.
1.5.1 Observational techniques
In order to investigate the chemistry of star–forming regions, one must be able to observe
the spectra of molecules. A detailed discussion on how to identify molecules in space from
these spectra can be found in Chapter 2; here we discuss the observing techniques used to
ﬁnd them.
1.5.2 Single–dish observations vs interferometric observations
The increasing capability of both single–dish and interferometric telescopes has led to the
detection of a growing complexity of molecules in star–forming regions. Depending on the
nature of what is to be observed, either a single–dish telescope or an interferometer may
be best suited to carry out the observations.
As i n g l e – d i s ht e l e s c o p ec o n s i s t so fas i n g l ea n t e n n a ,a n dc a nr a n g ei ns i z ef r o m∼1m
diameter dishes up to the 305 m Arecibo observatory, however,f o rs t e e r a b l ed i s h e st h e
largest practical size a dish can be is 100 m. An astronomical interferometer is an array of
antennas which can be used to have a larger collecting area than any one antenna within the
array. An example of a single–dish telescope, the James ClerkM a x w e l lT e l e s c o p e( J C M T ) ,
can be found in Figures 1.5 and 1.6. The JCMT is a 15 m single–dish telescope, located
near the summit of Mauna Kea in Hawaii. It is an important facility for studies of star–
forming regions, as it is the largest astronomical telescopei nt h ew o r l dd e s i g n e ds p e c i ﬁ c a l l y
to operate in the sub–millimetre wavelength range1.A ne x a m p l eo fa ni n t e r f e r o m e t e r ,t h e
Plateau de Bure Interferometer (PdBI), can be found in Figure1 . 7 . T h eP d B Ii sas i x –
antenna interferometer located in the French Alps, on the Plateau de Bure at 2550 m.
Each antenna has a diameter of 15 m, and the interferometer cano p e r a t ei nt h e3 ,2 ,1 . 8
1http://www.jach.hawaii.edu/JCMT/44 Chapter 1. Introduction
Figure 1.5: The outside of the JCMT single–dish telescope. Image credit: Joint Astronomy
Centre.
and 0.8 millimetre bands2.
Advantages of single–dish telescopes
It can be more advantageous to use a single–dish telescope if the observations require
ah i g hs e n s i t i v i t y . T h es e n s i t i v i t yo fat e l e s c o p ei sd e p e n d ent on the collecting area of
each antenna, so a large single–dish telescope will have a better sensitivity than an ar-
ray of smaller antenna, despite the array having an overall larger collecting area. Some
specialised instrumentation is also only available on single–dish telescopes, as it would be
2http://www.iram.fr/IRAMFR/1.5. Molecular spectroscopy 45
Figure 1.6: The back of the antenna at the JCMT. Image credit: Joint Astronomy Centre
Figure 1.7: The Plateau de Bure Interferometer. Image credit: IRAM46 Chapter 1. Introduction
too expensive to put this equipment on every dish in an array (Wright 2004). Another
advantage is that there are more single–dish telescopes available to observers in the world.
This means that competition for time on interferometers is greater than on single–dish
telescopes. Single–dish telescopes are also very good at mapping emission in very extended
objects, and large areas of the sky; however, if the size of thes o u r c ei ss m a l l e rt h a nt h e
beam size of the telescope, weak signals can be lost due to beamd i l u t i o n .
Advantages of interferometers
Interferometers can oﬀer some advantages over single–dish telescopes. By using an array
of antennas, an interferometer can have a large collecting area for a smaller cost than
the equivalent collecting area of a single–dish telescope. This is of particular signiﬁcance
when requiring high spatial resolution observations, as is needed for sources with detailed
structures. Instantaneous imaging is also possible with interferometers, by performing a
fourier transform of the visibilities (Andernach 1999). Them a i nd i s a d v a n t a g eo fu s i n g
an interferometer, is that for structures which would be measured by antenna separations
smaller than the shortest antenna separation on the interferometer, information is lost,
i.e. the largest spatial scales. This problem is often referred to as ‘missing ﬂux’.
The problems associated with both single–dish and interferometric observations are
often overcome by combining the techniques to observe the same source. Detection studies
in massive star–forming regions can be performed with single–dish facilities, and then
followed up with detailed mapping using interferometric facilities.
1.5.3 Heterodyne detectors
The commonest detectors used in both single–dish and interferometric observations are
heterodyne detectors. Here we brieﬂy describe how they work and allow spectral lines to
be detected.
When a radio signal from an astronomical source impinges on ana n t e n n a ,i tc a u s e s
aﬂ u c t u a t i n gv o l t a g ew h i c hv a r i e sa tt h es a m ef r e q u e n c ya st h es o u r c er a d i a t i o n ,n a m e l y
the radio frequency (RF). This voltage is ﬁrst ampliﬁed by thef r o n te n do ft h ed e t e c t o r
and then passed on to the mixer. Front ends are typically cooled with liquid helium, to
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the incoming signal is mixed with a local oscillator (LO), to create the intermediate fre-
quency (IF). This process is known as heterodyning. This process is the most economical
way to handle the wide range of radio frequencies that most radio telescopes operate at,
by converting all incoming radio frequencies to a standard IF, so one can use the same
back–end equipment for all radio frequencies (Chengalur 2003). This method also has the
added bonus of allowing an IF frequency to be chosen that can minimise transmission loss
across long distances. After the signal is converted to the IF, it is ampliﬁed again and then
mixed to the base band frequency range before being sent to theb a c k e n d . F o rs p e c t r a l
line observations, the signal is then passed on to a spectrometer.
There are several observing techniques that are important when using heterodyne
receivers and which are important for the work in this thesis.W e o u t l i n e t h e m i n t h e
following sections.
1.5.4 Observing techniques with heterodyne detectors
With all ground–based observations, noise from local sources and the atmosphere has to
be accounted for. Here we discuss two of the techniques used tor e d u c et h ee ﬀ e c t so fn o i s e
in molecular spectra.
Position–switching
When using this technique, the telescope observes the sourcea n dap o s i t i o na w a yf r o m
the source free from emission at the main frequency, thereby obtaining a spectrum con-
taining only instrumentation and atmospheric eﬀects. This eﬀect can then be removed
from the source spectra. One must complete a position switch within the timescale that
the conditions change, which is typically 30 seconds or less (Matthews et al. 2004).
Beam–switching
In this technique, the secondary mirror is chopped with the source in one beam. Typically
every 10 – 30 seconds, the telescope nods between the beam switched positions, to bring
the source into the other beam (Matthews et al. 2004). A negative beam is then obtained
when the source is in the reference beam, and a positive one when it is in the signal beam.
There is a limitation with this method to how far from the source position the beam can
be chopped, typically 180′′,a tt h eJ C M T .T h i st e c h n i q u ei st h e r e f o r eb e s tu s e df o rs o u r c es48 Chapter 1. Introduction
with small angular size.
1.6 Chemical–modelling
Observations of star–forming regions only allow a snapshot of the chemistry to be taken.
In order to probe the chemistry as a function of key physical parameters, it is necessary
to develop models which can simulate the entire star–formingp r o c e s s .C h e m i c a lm o d e l s
compute the evolution of chemical abundances as a function ofk e yp h y s i c a lp a r a m e t e r s
such as time, temperature or depth. Chemical models solve a set of ordinary diﬀerential
equations of the order:
dni
dt
=
 
production −
 
destruction (1.1)
where ni is the number density of species i.T h ep r o d u c t i o na n dd e s t r u c t i o nt e r m sr e f e r
to all chemical and physical processes that produce and destroy atomic and molecular
species (Wakelam et al. 2013).
Most models assume an initial atomic gas composition, with abundances of carbon,
oxygen, helium, nitrogen, and sulphur, set to solar elemental abundances or set to scale
with solar metallicity. However, observed ratios of C/O can vary signiﬁcantly, and N
production is thought to be suppressed at early cosmologicale p o c h s( W i l l i a m s&V i t i
2013), therefore a value better suited to the local environment may be required. For
some chemical models the initial elemental abundances are considered uncertain, and are
therefore taken as a free parameter.
At least four types of chemical models exist and are best suited to diﬀerent astronomical
regions (e.g. see van Dishoeck & Blake 1998; Williams & Viti 2013):
• Steady–state, single–point chemical models which are typically used to predict equi-
librium abundances in homogeneous media. Typically the gas number density is
ﬁxed in this type of modelling.
• Steady–state, depth–dependent models, which are used to determine abundances in
photon–dominated regions. Initial and ﬁnal gas densities are set and then functions
for how the density evolves with space are included in the model. Typically the1.7. Gas–phase and grain–surface reactions 49
thermal balance is computed self–consistently by solving the level populations for
the main coolants whose abundances are determined in the model.
• Time–dependent, single–point models, which are used to model how the chemistry of
dense regions changes with time. This type of modelling is important to understand
the evolution of massive star formation, as the temperature and density conditions
change signiﬁcantly from infrared dark clouds to hot cores. Typically, an initial gas
density and a ﬁnal gas density are set, and then functions for how the density evolves
with time are included in the model.
• Time–dependent, depth–dependent models allow the chemistry to be modelled as a
function of space and time. With the increasing spatial resolution of interferometric
telescopes, these types of models are important to understand the spatial distribu-
tion of molecules already observed in many objects. The larger computing power
available to modern–day chemical models means that a large number of chemical
reactions can be modelled at multiple time steps, and multiple spatial points. As
with time–dependent models initial gas densities and ﬁnal gas densities are set, and
then functions for how the density evolves with time and spacea r ei n c l u d e di nt h e
model.
For every type of model discussed above, gas and dust temperatures must be consid-
ered. Depending on the astronomical regions, it may be necessary to compute the change
in gas and dust temperature as a function of both time and space. Cosmic–ray ionisation
rates must also be considered to accurately model the chemistry. For most models a cos-
mic ray ionisation rate for hydrogen of typical Milky Way values is suﬃcient (∼10−17 s−1),
however, in some regions such as the Galactic Centre, a higherv a l u em u s tb ea d o p t e d .
1.7 Gas–phase and grain–surface reactions
As discussed in Section 1.4, a large variety of chemical reactions and processes occur in as-
tronomical environments. For some species, such as H2,g r a i n – s u r f a c ef o r m a t i o nr o u t e sa r e
essential in order to account for observed abundances. For other species, dominant forma-
tion and destruction routes may only occur in the gas–phase. Large chemical networks are
used to model a large number of species, and reaction types in chemical–modelling codes.
Typically, chemical model reaction networks consist of either gas–phase reactions only or50 Chapter 1. Introduction
both gas–phase and grain–surface reactions. The main databases of gas–phase reactions
are UMIST3,K I D A 4 and the Ohio State University database5,w h i c hc o n t a i nf o r m a t i o n
and destruction routes, as well as rates of reaction for a large number of species, and
contain both experimental and theoretical reactions. For gas–grain reactions some species
have been studied in ISM conditions in laboratories and rateso fr e a c t i o n sd e t e r m i n e d .
There are also reactions which have been determined theoretically, either through quan-
tum calculations, or by ‘constructing’ reactions based on similar reactions involving an
isomer of a species. For both gas–phase and grain–surface reactions, which have not been
studied in ISM conditions, their reaction rates can be considered to be quite uncertain.
These uncertainties, combined with the uncertainties in formation and destruction routes
for certain species, means that the abundances determined through chemical–modelling
can, for some species, be inaccurate. In these circumstancesas e n s i t i v i t ys t u d yi so f t e n
undertaken, to explore the propagation of errors through them o d e l l i n gp r o c e s s ,a n dt o
determine the signiﬁcance on the abundance of the species. This approach can also be
used to test which of the formation and destruction routes arem o s te ﬃ c i e n tf o ras p e c i e s .
1.7.1 Freeze-out
There are several diﬀerent approaches to treating the chemistry of both gas–phase and
grain–surface reactions in chemical–modelling codes. Diﬀerent methods may be adopted
to determine the rate of reactions within the code.
One method is the rate equation approach which assumes averaged number densities
and a large volume of gas. The rate per unit volume at which species ‘freeze-out’ onto the
grain–surface can be approximated by:
dn(i)
dt
∝ dga2nHSiT1/2m
1/2
i , (1.2)
where dg is the ratio of the number densities of grains to H nuclei, a is the grain radius,
T is the temperature of the dust, mi is the mass of species i, ni is the number density of
species i,a n dSi is the sticking coeﬃcient. Si is often considered to be a free parameter but
3www.udfa.net
4http://kida.obs.u-bordeaux1.fr
5http://www.physics.ohio.state.edu/∼eric/research.htm1.8. Outline of thesis 51
for weakly bound species, such as CO, experiments indicate that it is close to 1 (Williams
&V i t i2 0 1 3 ) .
Several codes also include the eﬀects of thermal and non-thermal desorption induced
by H2 formation, cosmic rays and photons.
Alternative techniques to the treatment of both gas–phase and grain–surface chemistry
include the master equation method (Biham et al. 2001; Green et al. 2001; Stantcheva et al.
2002) and macroscopic Monte Carlo simulations (Charnley 1998, 2001; Stantcheva et al.
2002). For the purposes of the chemical–modelling in this thesis, however, we use the rate
equation approach, as detailed by Rawlings et al. (1992).
1.8 Outline of thesis
In this thesis, we use a combination of observations and chemical–modelling to investi-
gate the physical and chemical properties in the hot core phase of massive–star formation.
In Chapter 2, we look at the process of molecular line identiﬁcation, and determine the
identity of several previously unknown lines in the spectra of six diﬀerent hot cores. In
Chapter 3, we determine the column densities of the molecularc o n t e n to ft h e s ec o r e s ,t o
provide a quantitive analysis and comparison of the complex chemistry that is occurring.
We chemically model these hot cores in Chapter 4, and perform ac o m p a r i s o nb e t w e e n
modelling column densities and the observational column densities determined in Chapter
3. In Chapter 5, we look at the abundance ratios of acetic acid,a n di t si s o m e r sg l y c o l a l d e -
hyde and methyl formate. This work follows on from several of the detections in Chapter 2,
with new observations to compare the chemistry of hot cores outside the Galactic Centre,
to those in the Galactic Centre. In Chapter 6, we use observations and spectral–modelling
to explore the chemistry of the hot core in IRAS 17233–3606. Finally, in Chapter 7 we
present the conclusions drawn from this body of work, and the future steps needed to
advance this research.52 Chapter 1. Introduction
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AC h e m i c a lI n v e n t o r yo fH o t
Cores
Space is big. You just won’t believe how vastly, hugely, mind-bogglingly big it is. I mean,
you may think it’s a long way down the road to the chemist’s, butt h a t ’ sj u s tp e a n u t st o
space.
Douglas Adams, The Hitchhiker’s Guide to the Galaxy
The work presented in this Chapter and Chapters 3 and 4 is basedo nt h ep a p e rb yC a l c u t t
et al. (2014) in collaboration with S. Viti, C. Codella, M. T. Beltr´ an, F. Fontani, and P.
M. Woods.
2.1 Identifying spectral lines
To really understand the earliest stages of massive star formation, one must compare the
physical and chemical environments in a number of hot cores. Ideally a chemical inventory
should be taken in order to qualitatively characterise each core and its evolutionary stage.
Essential to this task is the ability to accurately identify the lines present in the spectra.
Massive star forming regions are, however, complex regions,m a k i n gl i n ei d e n t i ﬁ c a t i o n
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diﬃcult in the spectra of hot cores. High spectral line densities can easily lead to line
contamination and confusion becoming a serious problem whenc o n ﬁ r m i n gt h ep r e s e n c eo f
new molecules. The identiﬁcation of spectral features is also limited by the transitional in-
formation available in spectroscopic line databases, wherem a n yl i n e sr e m a i nu n i d e n t i ﬁ e d .
There are seven main spectroscopic line databases: The JPL catalog is a catalogue of sub-
millimetre, millimetre, and microwave spectral lines in thef r e q u e n c yr a n g eo f0–1 0 , 0 0 0
GHz (Pickett et al. 1998). It contains spectral information on 331 atomic and molecular
species and includes a total of 1,845,866 transitions. The Cologne Database for Molecular
Spectroscopy (CDMS) is a catalogue of radio, microwave, and far-infrared spectral lines of
atomic and molecular species that may occur in the interstellar or circumstellar medium
or in planetary atmospheres (M¨ uller et al. 2005), it includes 111 species. The Lovas/NIST
database is a list of millimetre and microwave transitions compiled from laboratory spec-
tral data obtained from the literature (Lovas 2004). The Toyama Microwave Atlas for
spectroscopists and astronomers (ToyaMA) is a database of microwave spectroscopy of
molecules with internal rotors. The TopModel database is a list of spectroscopic informa-
tion for the 13Ci s o t o p o l o g u eo fm e t h y lf o r m a t e( H C O O C H 3). SLAIM is the spectral line
atlas of interstellar molecules which is only available through the Splatalogue database
for astronomical spectroscopy (www.splatalogue.net). Splatalogue also contains spectral
information for the ∼3000 strongest lines of ethyl cyanide (C2H5CN) from the Ohio State
University (OSU) (Medvedev & De Lucia 2007; Fortman et al. 2010). The Splatalogue
database combines all of the above databases into an open access platform, with a query
form allowing the selection of all transitions from a particular species, or a subset of tran-
sitions based on a user speciﬁed frequency range. Currently,S p l a t a l o g u ec o n t a i n so v e r
5.8 million transitions and 1038 species. It is worth noting,h o w e v e r ,t h a tt h em o s tu pt o
date versions of both the JPL and CDMS catalogues can only be found on their respec-
tive websites (http://spec.jpl.nasa.gov and http://www.astro.uni-koeln.de/cdms/catalog).
The spectral information listed in each of these databases includes the species name, fre-
quency, frequency error, intensity, energy level, upper state degeneracy, and quantum
number assignment for each transition.
In order to conﬁrm the presence of a new molecule in space, a rigorous method must
be applied to ensure the correct line assignment is made. At least three transitions of a
molecule must be identiﬁed in the same object in order to conﬁrm its presence, although2.1. Identifying spectral lines 55
ideally more transitions should be detected to ensure a correct identiﬁcation and accurate
determination of column densities and excitation temperatures.
The following criteria, taken from Snyder et al. (2005), demonstrate the steps necessary
to ensure the correct identiﬁcation of a spectral line:
1. Rest frequencies of the candidate spectral line must be accurate. Ideally they should
be measured directly in a laboratory, however, if direct measurements are unavail-
able, interpolation ﬁtting of laboratory data from other frequencies can be used to
create a Hamiltonian model. This can then be used to predict frequencies with
uncertainties <0.0001 GHz.
2. Transitions with upper energy levels exceeding the highest upper energy level of a
transition previously detected in the object, can be excluded from candidate line
lists.
3. All the expected transitions of a molecule must have frequency agreement. The rest
frequency of the assigned transitions must be in reasonable agreement (within the
frequency error) with the frequency corresponding to the LSRv e l o c i t yo ft h es o u r c e .
Variations in the LSR velocity of a molecular species may be seen in regions where
ar a n g eo fk i n e m a t i c sc o n t r i b u t et ot h ee m i s s i o no ra b s o r p t i on spectrum. Regions
with no large kinematic variation should have a well deﬁned velocity ﬁeld. If there
is a source velocity gradient observed in the transitions of known molecules, it will
not be a random function of transition frequency or energy level.
4. In the case of line blending two lines should at least be resolved by the Rayleigh
criterion, to ensure the correct line identiﬁcation. The Rayleigh criterion states that
the minimum distance between two spectral lines in frequencys p a c em u s tb es u c h
that the maximum intensity of one line falls on the ﬁrst null oft h eo t h e r .T h i sc a n
be approximated by requiring that blended lines are separated by their frequency
width half maximum (FWHM) intensity (assuming identical line proﬁles). Snyder
et al. (2005) also remark that a more stringent criterion may be used, whereby two
overlapping lines can be considered to be resolved if they area tl e a s ts e p a r a t e da t
the half-maximum intensity of the weakest line.
5. If other transitions from the same molecule are present in the observed frequency
range, have line strengths at detectable levels, and there are no mitigating circum-56 Chapter 2. A Chemical Inventory of Hot Cores
stances such as maser activity or line self-absorption as to why they should not be
observed, they should be present in the spectra. Their relative intensity must also
correspond to the predicted one under LTE.
6. Transitions from molecules already observed in similar objects and, if not, in the
interstellar medium (ISM), should be favoured over new molecules not yet detected
in space.
In order to build up a complete picture of the chemistry in the massive star formation
environment, it is essential to correctly identify all of thee m i s s i o no b s e r v e di nh o tc o r e s ,
at diﬀerent evolutionary stages. Only then can a comparison of how the chemistry evolves
around forming massive stars be complete. The following chapter details the results of
an identiﬁcation study in six star forming regions and a chemical comparison between the
cores.
2.2 Observations
This work is based on observations taken with the PdBI and reported by Beltr´ an et al.
(2005), for the hot cores G31.41+0.31 (G31) and A1 and A2 in G24.78+0.08 (G24A1 and
G24A2), and by Beltr´ an et al. (2011) for the hot cores G29.96–0.02 (G29), G19.61–0.23
(G19), and G10.62–0.38 (G10). Details of the phase centre used for each source can be
found in Table 2.1.
The PdBI oﬀers four antenna conﬁgurations which can be combined to produce maps
with diﬀerent angular resolution (Winters & Neri 2011). The Ac o n ﬁ g u r a t i o ni st h em o s t
extended conﬁguration and is therefore well suited to mapping compact, strong sources.
The B conﬁguration is the second most compact conﬁguration and is well suited for strong
sources. The C conﬁguration provides a fairly complete coverage of the uv-plane and can
be combined with the D conﬁguration to be used for low angular resolution studies. The
Dc o n ﬁ g u r a t i o ni st h em o s tc o m p a c ta n dp r o v i d e st h el o w e s tp h ase noise and the highest
sensitivity.
For G31 and G24 the observations were carried out on the 16th March 2003 in the
most extended (A) conﬁguration. The correlator was centred at 220.520GHz in the upper2.3. The sample of hot cores 57
sideband at 1.4mm. The bandpass of the receivers was calibrated by observations of the
quasar 3C 273. Amplitude and phase calibrations were achieved by monitoring quasar
(PKS)1741–038, whose ﬂux density of 2.99Jy at 1.4mm was determined relative to MWC
349. Interferometric observations of G29, G19 and G10 were carried out on 28th February
and 16th March 2004, and on the 26th February and the 21st March2 0 0 5 . G 2 9w a s
observed in the most extended (A) and compact (C) conﬁgurations, while cores G19
and G10 were observed in the extended (B) and compact (C) ones.O w i n g t o t e c h n i c a l
problems during the observations, the only usable conﬁguration for G19 was the compact
one, while for G10 it was the extended one. The bandpass of the receivers was calibrated
by observations of the quasar 3C 273 for all the hot cores in thes a m p l e . A m p l i t u d e
and phase calibrations were achieved by monitoring 1730–130a n d1 7 4 1 – 0 3 8 ,w h o s eﬂ u x
densities were determined relative to MWC 349 or 1749+096. The ﬂux densities estimated
for 1730–130 are in the range 0.78–1.71 Jy at 1.4mm, while those for 1741–038 are in the
range 2.18–2.77 Jy at 1.4mm. Flux calibration uncertaintiesa r ee s t i m a t e dt ob e∼20%.
The synthesized CLEANed beams for maps made using natural weighting can be found
in Table 2.1. The VLSR for each hot core listed in Table 2.1 has been determined from
high spatial resolution observations of the 12K –1 1 K K-components of CH3
13CN.
These observations range from 220.210 to 220.760 GHz for all the hot cores and were
analysed using the GILDAS software package.1
2.3 The sample of hot cores
The sample comprises of six luminous (Lbol > 104 L⊙)o b j e c t sw i t ht y p i c a ls i g n p o s t so f
massive star formation such as water masers and ultracompact( U C )H I Ir e g i o n s .
Six hot cores were observed towards ﬁve star-forming regionso nt h eb a s i so fb e i n g
bright in the sub-millimetre, and having previously given indications of being chemically
rich:
G31.41+0.31: Figure 2.1 shows G31 mapped in 3.3mm (left panel) and 1.4mm (right
panel) continuum emission using the PdBI, taken from Beltr´ an et al. (2005). This is a
well-studied hot core located at 7.9 kpc (Cesaroni et al. 1994, 1998), with evidence of a
rotating massive molecular toroid, suggested by OH maser emission and conﬁrmed using
CH3CN emission (Gaume & Mutel 1987; Beltr´ an et al. 2004, 2005; Cesaroni et al. 2011). It
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Table 2.1: Parameters of the IRAM PdBI observations
Source α(J2000)† δ(J2000) VLSR Distance Luminosity
(h m s) (◦’′′)( k m s −1)k p c L ⊙
G31.41+0.31 184734.330 -011246.50 96.8a 7.9 6.0×106
G29.96-0.02 184603.955 -023921.87 98.9b 3.5 3.2×105
G19.61-0.23 182738.145 -115638.49 41.6b 12.6 2.2×106
G10.62-0.38 181028.650 -195549.50 -2.0b 3.4 0.4×106
G24.78+0.08 183612.660 -071210.15 110.8a 7.7 7.0×104
Source Synthesized Beam P.A. Resolution Conﬁg. Hot core mass
†† (′′)( ◦)( k m s −1)M ⊙
G31.41+0.31 1.1 × 0.5 -170 3.4 A 490
G29.96-0.02 1.4 × 0.7 168 3.4 A, C 28
G19.61-0.23 2.6 × 1.0 161 3.4 B, C 415
G10.62-0.38 2.4 × 0.7 169 3.4 B, C 82
G24.78+0.08 1.2 × 0.5 -174 3.4 A A1:130 A2:80
† Coordinates of the phase centre of the observations as used byB e l t r ´ a ne ta l .( 2 0 0 5 )
and Beltr´ an et al. (2011).
†† The synthesized CLEANed beams for maps made using natural weighting as derived
by Beltr´ an et al. (2005) and Beltr´ an et al. (2011).
aBeltr´ an et al. (2005)
bBeltr´ an et al. (2011)
has been mapped in several diﬀerent molecules including SiO,H C O + and NH3,a sw e l la s
several complex molecules like CH3CN, C2H5CN and CH2(OH)CHO (Cesaroni et al. 1994;
Maxia et al. 2001; Beltr´ an et al. 2005). Interferometric observations of molecular lines with
high excitation energies have revealed the presence of deeply-embedded YSOs, which in all
likelihood explains the temperature increase toward the core centre (Beltr´ an et al. 2004,
2005; Cesaroni et al. 2010). The Spitzer/GLIMPSE images by Benjamin (2003) show that
the G31 hot core lies in a complex parsec-scale region where both extended emission and
multiple stellar sources are detected.
G29.96–0.02: Figure 2.2 shows G29 mapped in 2.7mm (left panel) and the 1.4mm
(right panel) continuum emission (contours) on the CH3CN (6–5) emission (grayscale)
averaged under the K = 0, 1, 2, 3, and 4 components (left panel) and CH3CN (12–11)
emission (grayscale) averaged under the K = 0, 1, 2, and 3 components (right panel), taken
from Beltr´ an et al. (2011). G29 is located at a distance of 3.5kpc(Beltr´ an et al. 2011)
and associated with the infrared source IRAS 18434-0242. It contains a cometary UCHII
region with a hot core located in front of the cometary arc (Wood & Churchwell 1989;2.3. The sample of hot cores 59
Figure 2.1: G31.41+0.31 mapped in 3.3mm (left panel) and 1.4mm (right panel) con-
tinuum emission by Beltr´ an et al. (2005) using the PdBI. The contour levels range from
20 to 240mJy beam−1 in steps of 20mJy beam−1 for the 3.3mm map, and from 100 to
1300mJy beam−1 in steps of 200mJy beam−1 for the 1.4mm map. This ﬁgure is taken
from Beltr´ an et al. (2005).
Cesaroni et al. 1994). It has been mapped in several moleculesi n c l u d i n gN H 3,H C O +,
CS, CH3CN, HNCO and HCOOCH3 (Cesaroni et al. 1998; Pratap et al. 1999; Maxia
et al. 2001; Olmi et al. 2003; Beuther et al. 2007). A velocity gradient along the east-west
direction has been measured in NH3,C H 3CN, and HN13Ce m i s s i o nw h i c hi si n t e r p r e t e da s
rotation (Cesaroni et al. 1998; Olmi et al. 2003; Beuther et al. 2007). On the other hand,
an outﬂow directed along the southeast-northwest directionh a sb e e nm a p p e di nH 2Sa n d
SiO by Gibb et al. (2004) and Beuther et al. (2007). Beltr´ an eta l .( 2 0 0 1 )c o n ﬁ r m e dt h e
existence of a rotating molecular toroid around the outﬂow axis. Masers of H2O, CH3OH
and H2CO have also been detected around this hot core (Hofner & Churchwell 1996; Walsh
et al. 1998; Hoﬀman et al. 2003).
G19.61–0.23: Figure 2.2 shows G19 mapped in 2.7mm (left panel) and the 1.4mm
(right panel) continuum emission (contours) on the CH3CN (6–5) emission (grayscale)
averaged under the K = 0, 1, 2, 3, and 4 components (left panel) and CH3CN (12–11)
emission (grayscale) averaged under the K = 0, 1, 2, and 3 components (right panel), taken
from Beltr´ an et al. (2011). G19 is located at a distance of 12.6kpc (Kolpak et al. 2003),
and associated with the infrared source IRAS 18248–1158. It contains several embedded
UCHII regions, detected by Garay et al. (1985), and more recently mapped by Furuya et al.
(2005). Several molecular tracers, such as CS, NH3,C H 3CH2CN, HCOOCH3,a n dC H 3CN60 Chapter 2. A Chemical Inventory of Hot Cores
Figure 2.2: G29.96–0.02, G19.61–0.23, and G10.62–0.38 mapped with the PdBI in the
2.7mm (left panel) and the 1.4mm (right panel) continuum emission (contours) on the
CH3CN (6–5) emission (grayscale) averaged under the K = 0, 1, 2, 3,a n d4c o m p o n e n t s
(left panel) and CH3CN (12–11) emission (grayscale) averaged under the K = 0, 1, 2,a n d
3c o m p o n e n t s( r i g h tp a n e l ) ,t a k e nf r o mB e l t r ´ a ne ta l .( 2 0 1 1 ). The contour levels are 3, 9,
18, 27, 39, 51, and 75 times σ,w h e r e1 σ is 3mJy beam−1 at 2.7mm and 6.7mJy beam−1
at 1.4mm for G29, 3, 9, 18, 27, 39, 51, and 75 times σ,w h e r e1 σ is 6mJy beam−1 at
2.7mm and 33.3mJy beam−1 at 1.4mm for G19, and 3, 9, 18, 27, 39, 51, and 75 times
σ,w h e r e1 σ is 17mJy beam−1 at 2.7mm and 26.7mJy beam−1 at 1.4mm for G10. The
Grayscale contour levels are 3, 5, 10, 15, 20, 30, and 40 times σ,w h e r e1 σ is 6mJy beam−1
at 2.7mm and 65mJy beam−1 at 1.4mm for G29, 3, 5, 10, 15, 20, 30, and 40 times σ,
where 1σ is 30mJy beam−1 at 2.7mm and 50mJy beam−1 at 1.4mm for G19, and 3, 5,
10, 15, 20, 30, and 36 times σ,w h e r e1 σ is 15mJy beam−1 at 2.7mm and 15mJy beam−1
at 1.4mm for G10.2.3. The sample of hot cores 61
have been mapped in this hot core (Plume et al. 1992; Garay et al. 1998; Remijan et al.
2004; Furuya et al. 2005). 13CO and C18Oe m i s s i o ns h o wi n v e r s ePC y g n ip r o ﬁ l e si n d i c a t i n g
infalling gas towards the core (Wu et al. 2009; Furuya et al. 2011). L´ opez-Sepulcre et al.
(2009) mapped a 13CO outﬂow without a well-deﬁned morphology. H2O, OH, and CH3OH
masers have been detected by Forster & Caswell (1989), Hofner&C h u r c h w e l l( 1 9 9 6 )a n d
Walsh et al. (1998). Beltr´ an et al. (2011) reported velocityg r a d i e n t s ,o b s e r v e di nC H 3CN,
oriented perpendicular to the direction of a molecular outﬂow.
G10.62–0.38: Figure 2.2 shows G10 mapped in 2.7mm (left panel) and the 1.4mm
(right panel) continuum emission (contours) on the CH3CN (6–5) emission (grayscale)
averaged under the K = 0, 1, 2, 3, and 4 components (left panel) and CH3CN (12–11)
emission (grayscale) averaged under the K = 0, 1, 2, and 3 components (right panel),
taken from Beltr´ an et al. (2011). G10 is located at a distanceo f3 . 4k p c( B l u me ta l .2 0 0 1 )
and contains a well-studied UCHII region (e.g. Wood & Churchwell 1989) associated with
the infrared source IRAS 18075–1956. The hot core in this starf o r m i n gr e g i o nh a sb e e n
mapped in NH3 (Ho & Haschick 1986; Keto et al. 1987, 1988; Sollins & Ho 2005) and
in SO2 and OCS (Klaassen et al. 2009). Infall and bulk rotation in them o l e c u l a rg a s
surrounding the UCHII region have been detected. H66α emission shows the occurrence
of inward motions in the ionized gas (Keto 2002). CH3OH and H2Om a s e r sh a v eb e e n
mapped towards the core and are distributed linearly in the plane of the rotation (Hofner
&C h u r c h w e l l1 9 9 6 ;W a l s he ta l .1 9 9 8 ) ,w h i l eO Hm a s e r sa p p e a rto lie along the axis of
rotation (Argon et al. 2000). Outﬂow activity has been detected by Keto & Wood (2006),
L´ opez-Sepulcre et al. (2009) and by Beltr´ an et al. (2011), who reported a CH3CN toroid
rotating around the main axis of the outﬂow.
G24.78+0.08A1 and G24.78+0.08A2: Figure 2.3 shows a combined BIMA and PdBI
map of the 3.3mm continuum emission (left panel) and a PdBI mapo ft h e1 . 4m mc o n -
tinuum emission (right panel) toward G24, taken from Beltr´ an et al. (2005). G24 is a
high-mass star-forming region located at 7.7kpc from the Sun, and associated with sev-
eral YSOs in diﬀerent evolutionary phases embedded in their parental cores (Furuya et al.
2002). The G24 region has been extensively studied in variousm o l e c u l e sl i k eC O ,N H 3 and
CS, as well as in complex molecules and in the continuum (Codella et al. 1997; Cesaroni
et al. 2003; Beltr´ an et al. 2005, 2011). Two main groups of YSOs, called A1 and A2, are
separated by ∼1. ′′5( B e l t r ´ a ne ta l .2 0 1 1a n dr e f e r e n c e st h e r e i n ) .G24.78+0.08A1: G24A1
is one of the three massive cores with a rotating toroid detected in G24 (Beltr´ an et al.62 Chapter 2. A Chemical Inventory of Hot Cores
Figure 2.3: A combined BIMA and PdBI map of the 3.3mm continuume m i s s i o n( l e f t
panel) and a PdBI map of the 1.4mm continuum emission (right panel) toward G24,
taken from Beltr´ an et al. (2005). The contour levels range from 2 to 20mJy beam−1 in
steps of 2mJy beam−1 and from 20 to 80mJy beam−1 in steps of 10mJy beam−1 for the
3.3mm map, and from 20 to 200mJy beam−1 in steps of 60mJy beam−1 for the 1.4mm
map.
2011). At the centre of G24A1, an unresolved hypercompact (HC) HII region is created by
aY S Ow i t has p e c t r a lt y p eo fa tl e a s tO 9 . 5( C o d e l l ae ta l .1 9 9 7 ;B e l t r ´ a ne ta l .2 0 0 7 ) .N H 3
(2,2) observations have revealed that the gas in the toroid isu n d e r g o i n gi n f a l lt o w a r d s
the HC HII region (Beltr´ an et al. 2006), suggesting that accretion on to the star might
still be occurring, even through the ionized region (for a potential mechanism, see Keto &
Wood 2006). On the other hand, Very Long Baseline Array properm o t i o nm e a s u r e m e n t s
of H2Om a s e r sa s s o c i a t e dw i t ht h eH CH I Ir e g i o n( M o s c a d e l l ie ta l .2007) indicate that
the ionized region might be expanding, thus questioning the possibility of accretion on to
the star. G24.78+0.08A2: G24A2 is also associated with a massive CH3CN toroid, rotat-
ing around the main axis of a bipolar outﬂow observed in the CO isotopologues (Furuya
et al. 2002; Beltr´ an et al. 2005, 2011; Codella et al. 2013). The mid-infrared and radio
continuum measurements show a compact (1000–2000 au) sourcew h i c hc o u l db ed u et o
an ionized jet (Vig et al. 2008). Emission from several complex molecules clearly indicate
the presence of a molecular hot core (Beltr´ an et al. 2005, 2011; Codella et al. 2013).2.4. Molecular content 63
2.4 Molecular content
Figure 2.4 shows the reduced spectrum for each hot core, including labels for the identi-
ﬁed lines (Beltr´ an et al. 2005) as well as the seven unidentiﬁed lines in G31, A to G in
ascending frequency in the top panel. As can be seen from the ﬁgure, not all lines are
present in all cores. Lines C, D, F and G were too blended with other lines to be clearly
identiﬁed. Table 2.4 lists the previously unidentiﬁed linesw h i c hc o u l db ei d e n t i ﬁ e d( A ,
Ba n dE ) ,w i t ht h e i rf r e q u e n c i e sa n do b s e r v a t i o n a lp a r a m e t e rs, and which cores they are
detected in. These will be discussed in Sect. 2.4.4. Several of the molecular lines identiﬁed
in G31, G24A1 and G24A2 by Beltr´ an et al. (2005) are also seen in other members of the
sample of hot cores. These new detections are discussed in Sect. 2.4.3.
In order to determine the identity of all the spectral lines int h es a m p l eo fh o tc o r e s ,
the method described in Section 2.1 was used. The Splatalogued a t a b a s ew a su s e dt o
determine a list of candidate line identities, in order for a multitude of catalogues to
be searched simultaneously. Any line with a measured laboratory frequency uncertainty
larger than 0.05GHz was excluded from consideration. Since the spectral resolution of the
observations is 0.0025GHz, the search for lines was limited to within the linewidths of the
unidentiﬁed lines. The list of potential lines has been reduced by excluding transitions
with an upper energy level over 1000K, as typically excitation temperatures of the present
hot core sample do not exceed ∼300K (e.g. Beltr´ an et al. 2005; Beltr` an et al. 2010 and
references therein) and to date, the highest upper energy level of a transition previously
detected in the hot core sample is 931K.
2.4.1 Fitting procedure
Every line described in this chapter is ﬁtted using the methodG a u s sc o m m a n di nt h ec l a s s
software package, which allows the user to input an initial Tpeak,F W H M ,a n dl i n ec e n t r e
from a visual inspection of the data. These parameters can either be ﬁxed or set to vary
as the program iterates to ﬁnd the best ﬁt. For very complex blends it can be necessary
to ﬁx one or more of these parameters in order to generate a sensible ﬁt for all blended
lines. In the following chapter all Gaussian ﬁts have been derived with free parameters
unless otherwise stated.64 Chapter 2. A Chemical Inventory of Hot Cores
Figure 2.4: Spectra of the hot cores G31, G29, G19, G10, G24A1 and G24A2 observed
with the PdBI (Beltr´ an et al. 2005, 2011), integrated over the 3σ contour level area. The
species labelled are those that have already been identiﬁed in Beltr´ an et al. (2005) and
Beltr´ an et al. (2011) as well as the seven lines in G31 that were found but not identiﬁed
by Beltr´ an et al. (2005). The numbers indicate the position of the CH3CN (12K –11 K)
K-components in the upper part (in pink) of each spectra and oft h eC H 3
13CN (12K –11 K)
K-components in the lower part (in red).2.4. Molecular content 65
2.4.2 Error calculations
We compute the integrated intensity error (δ(
 
T dv)) as in Isokoski et al. (2013), whereby:
δ(
 
Tdv)=cst[∆Vδ(Tpeak)+Tpeakδ(∆V )], (2.1)
where cst =(
 
π/ln2)/2), Tpeak is the peak temperature and ∆V is the FWHM of the
line.
The peak temperature error can be determined using:
δ(Tpeak)=
 
rms2 +( cal × Tpeak)2 + σ2
Tpeak (2.2)
The FWHM error can be determined using:
δ(∆V )=σ∆V , (2.3)
where rms is the root mean square amplitude of the noise, cal is the ﬂux calibration un-
certainty of the telescope, and σTpeak and σ∆V are the statistical errors on Tpeak and ∆V
from the Gaussian ﬁts.
2.4.3 New detections
In this subsection, we identify lines in the G10, G19 and G29 hot cores, which have al-
ready been detected in G31, and in most cases already detectedi nG 2 4 A 1a n dG 2 4 A 2a s
well. Table 2.2 shows the derived frequency, velocity, integrated intensity, FWHM, peak
temperature and rms of the baseline for these newly detected lines in each hot core and
the transitional information can be found in Table 2.3.
The 94,5 –1 0 3,8 transition of vinyl cyanide (C2H3CN), a common hot core molecule
(Gibb et al. 2000; Wirstr¨ om et al. 2007), was identiﬁed at 220.34476 GHz in G31 by Beltr´ an
et al. (2005). In the observations presented in this chapter,al i n ea tas i m i l a rf r e q u e n c y
is seen in a further three hot cores, G19, G24A1 and G24A2 (Fig.2 . 5 ) . T h i sl i n ei s
blended with line C and the K=8 component of 13CH3CN(12 – 11) in all the hot cores,
but separated by more than the Rayleigh criterion. The line seen in G19 has a FWHM66 Chapter 2. A Chemical Inventory of Hot Cores
Figure 2.5: C2H3CN spectra with Gaussian ﬁts, integrated over the 3σ contour level area
toward G31, G19, G24A1 and G24A2 as seen with the PdBI. This transition was previously
detected in G31 and G24 in (Beltr´ an et al. 2005) and is detected in G19 in this work.
of 5.3kms−1,w h i c hi sl a r g e rt h a nt h es p e c t r a lr e s o l u t i o no ft h eo b s e r v a tions (3.4kms−1),
however, it is aﬀected by some missing ﬂux at 220.341GHz. We therefore postulate that
our ﬁts derived for vinyl cyanide in G19 may underestimate theﬂ u xo ft h i sl i n e .
In these observations the 106,4 –9 6,3 transition of DCO2Hi sa l s od e t e c t e di nG 2 9
and G19 (Fig. 2.6). From the Gaussian ﬁt of these lines, however, we ﬁnd that in G19
the blend of DCO2Ha n dt h eC H 3
13CN (12–11) K=4 transition do not pass the rayleigh
criterion, as described in Section 2.1. Whilst DCO2Hi sc l e a r l yp r e s e n ti nG 1 9 ,t h ev a l u e
of its line ﬂux determined from the Gaussian ﬁt is uncertain due to this severe blend. The
percentage error of the
 
T dv ﬁt for this molecule ranges from 16–35%, where the worst
ﬁt is for G24A2.
The 101,9 –9 1,8 transition of HNCO is detected in a further two hot cores, G19 and
G29 (see Fig. 2.7), although it is blended with two lines of methyl cyanide in all cores. In
G19 and G29 HNCO is separated by the rayleigh criterion from methyl cyanide, however,
in the detection reported by Beltr´ an et al. (2005) in G31, G24A1, and G24A2, HNCO2.4. Molecular content 67
Table 2.2: The observed frequency, velocity, area of Gaussian ﬁt, FWHM, peak brightness
temperature and the rms of the baseline for molecules previously detected in Beltr´ an et al.
(2005) and conﬁrmed in new cores in this work. Spectra are integrated over the 3σ contour
level.
Molecule Frequency† VLSR Vpeak
† R
T dv (Err††)F W H M ( E r r ††)T B (Err††)r m s
(GHz) (kms−1)( k m s −1)( K k m s −1)( k m s −1)( K ) ( K )
G31.41+0.31
C2H3CN 220.34476 96.8 96.6 41.0 (25.0) 7.9 (3.0) 4.9 (1.1) 0.3
CH2OHCHO 220.46635 96.8 93.6 40.5 (9.1) 6.8 (0.1) 5.6 (1.2) 0.3
DCO2H2 2 0 . 5 6 2 1 59 6 . 8 9 5 . 9 7 8 . 3 ( 3 5 . 9 ) 1 3 . 2 ( 2 . 3 ) 5 . 6 ( 1 . 5 ) 0 . 9
HNCO 220.58558 96.8 96.5 174.9 (68.9) 14.9 (2.4) 11.1 (2.6) 0.9
C2H5CN 220.66145 96.8 96.3 203.5 (84.6) 9.7 (2.0) 19.7 (4.1) 0.3
G29.96–0.02
CH2OHCHO 220.46753 98.9 93.9 6.5 (4.3) 10.9 (2.1) 0.6 (0.3) 0.2
DCO2H2 2 0 . 5 6 2 0 09 8 . 9 9 8 . 0 2 5 . 2 ( 1 0 . 2 ) 8 . 1 ( 1 . 2 ) 3 . 0 ( 0 . 7 ) 0 . 3
HNCO 220.58586 98.9 98.0 85.2 (21.0) 10.4 (0.4) 7.8 (1.6) 0.3
C2H5CN 220.66196 98.9 97.5 29.3 (19.0) 6.9 (2.5) 4.0 (1.1) 0.8
G19.61–0.23
C2H3CN 220.34636 41.6 39.0 8.0 (4.8) 5.3 (1.8) 1.4 (0.5) 0.2
CH2OHCHO 220.46767 41.6 36.4 5.8 (3.6) 6.9 (1.9) 0.8 (0.3) 0.2
DCO2H2 2 0 . 5 6 1 4 34 1 . 6 4 1 . 5 2 0 . 1 ( 8 . 3 ) 7 . 5 ( 0 . 7 ) 2 . 5 ( 0 . 8 ) 0 . 6
HNCO 220.58625 41.6 40.2 95.4 (21.3) 10.8 (0.2) 8.3 (1.7) 0.2
C2H5CN 220.66277 41.6 39.1 61.0 (22.1) 10.8 (0.9) 5.3 (1.5) 0.9
G24.78+0.08 A1
C2H3CN 220.34619 110.8 108.6 8.1 (5.9) 4.6 (1.8) 1.7 (0.5) 0.2
CH2OHCHO 220.46702 110.8 106.7 5.0 (2.0) 4.6 (0.5) 1.0 (0.3) 0.2
HNCO 220.58453 110.8 111.9 67.9 (34.8) 9.0 (2.5) 7.1 (1.7) 0.8
C2H5CN 220.66167 110.8 110.0 68.5 (27.0) 7.8 (1.2) 8.2 (2.0) 1.1
G24.78+0.08 A2
C2H3CN 220.34426 110.8 111.3 20.3 (9.0) 8.6 (1.5) 2.2 (0.6) 0.3
CH2OHCHO 220.46694 110.8 106.8 10.3 (5.0) 5.8 (1.2) 1.7 (0.5) 0.3
DCO2H2 2 0 . 5 6 2 0 8 1 1 0 . 8 1 1 0 . 0 2 5 . 1 ( 1 7 . 8 ) 7 . 0 ( 2 . 2 ) 3 . 4 ( 1 . 3 ) 0 . 8
HNCO 220.58465 110.8 111.8 59.2 (54.5) 6.4 (4.1) 8.7 (2.4) 0.8
C2H5CN 220.66167 110.8 110.0 83.0 (35.5) 8.4 (1.6) 9.3 (2.2) 1.0
† The small spread in frequency between the rest frequency of the line and the observed
frequency for each molecule in each hot core, is due to the diﬀerence between the VLSR
and the Vpeak in each hot core.
†† The error for
 
T dv given in brackets is determined from the ﬁtting error and the
calibration uncertainty in the ﬂux measurement of the telescope, as in Section 2.4.2. The
error for TB is also determined as described in Section 2.4.2. The error for the FWHM is
the ﬁtting error.
Table 2.3: Transitional information for the molecules previously detected in Beltr´ an et al.
(2005) and conﬁrmed in new cores in this work. All this transitional information was
taken from the JPL spectral line catalog.
Molecule Transition Frequency Eu Sµ
2 Hot core detected in
(GHz) (K) (D
2)
C2H3CN 9(4,5)–10(3,8)E 220.34445 55.10 2.52 G31, G19, G24A1, G24A2
CH2OHCHO 20(2,18)–19(3,17) 220.46388 120.05 89.74 G31, G29, G19, G24A1, G24A2
DCO2H1 0 ( 6 , 4 ) – 9 ( 6 , 3 ) 2 2 0 . 5 6 1 3 6 1 3 8 . 8 1 1 2 . 4 7 G 3 1 , G 2 9 , G 1 9 , G 2 4 A 2
HNCO 10(1,9)–9(1,8) 220.58520 101.50 27.83 G31, G29, G19, G24A1, G24A2
C2H5CN 25(2,24) –24(2,23) 220.66092 143.02 367.60 G31, G29, G19,G 2 4 A 1 ,G 2 4 A 268 Chapter 2. A Chemical Inventory of Hot Cores
Figure 2.6: DCO2Hs p e c t r aw i t hG a u s s i a nﬁ t s ,i n t e g r a t e do v e rt h e3 σ contour level area
toward G31, G29, G19 and G24A2 as seen with the PdBI. This transition was previously
detected in G31 and G24A2 (Beltr´ an et al. 2005) and is detected in G19 and G29 in this
work.
and methyl cyanide are not separated by the rayleigh criterion. The percentage error of
the
 
T dv ﬁt is highest in G24A2 (60%), and lowest in G19 (2%). This indicates the
ﬁt in G24A2 is poor and additional transitions should be detected, in order to determine
accurate column densities for HNCO in G24A2.
The 252,24 –2 4 2,23 transition of C2H5CN was also detected in G31, G24A1 and G24A2
in Beltr´ an et al. (2005). In this work, it has been found in a further two hot cores: G19 and
G29 (Fig. 2.8). This line is very bright in G31 at 19.7K, but is as weak as 4.0K in G29.
The FWHM is similar in all the hot cores, ranging from 6.9kms−1 in G29 to 10.8 kms−1
in G19. It is not detected in G10. The percentage error of the
 
T dv ﬁt ranges from
7%–31%,wheretheﬁtispoorestinG29. Alloftheselinesarebrightest in G31.2.4. Molecular content 69
Figure 2.7: HNCO spectra with Gaussian ﬁts, integrated over the 3σ contour level area
towards G31, G29, G19, G24A1 and G24A2 as seen with the PdBI. This transition was
previously detected in G31, G24A1 and G24A2 (Beltr´ an et al. 2005) and is detected in
G19 and G29 in this work.70 Chapter 2. A Chemical Inventory of Hot Cores
Figure 2.8: C2H5CN spectra with Gaussian ﬁts, integrated over the 3σ contour level area
towards G31, G29, G19, G24A1 and G24A2 as seen with the PdBI. This transition was
previously detected in G31, G24A1 and G24A2 in Beltr´ an et al.( 2 0 0 5 )a n di sd e t e c t e di n
G19 and G29 in this work.2.4. Molecular content 71
Glycolaldehyde (CH2(OH)CHO)
The complex organic molecule (COM) glycolaldehyde (CH2OHCHO), which is an isomer
of both methyl formate (HCOOCH3)a n da c e t i ca c i d( C H 3COOH), is the simplest of the
monosaccharide sugars. This important organic molecule wasd e t e c t e df o rt h eﬁ r s tt i m e
in the Galactic Centre cloud, Sgr B2(N) (Hollis et al. 2000), and detected tentatively at
1.4mm for the ﬁrst time outside the Galactic Centre towards three massive hot cores (G31,
G24A1, and G24A2) by Beltr´ an et al. (2005). Later on, Beltr´ an et al. (2009) conﬁrmed the
detection by observing two additional Glycolaldehyde transitions towards G31 at 2.1 and
2.9 mm with the PdBI. Recently, Jørgensen et al. (2012) have detected thirteen transitions
towards the Class 0 object IRAS 16293–2422 at 0.4 and 1.4 mm, using the ALMA array
towards the hot–corino surrounding the solar–type protostar.
In this work, a new detection of a line is seen at ∼220.466GHz in two hot cores
(Fig. 2.9), G29 (3σ detection) and G19 (5σ detection). This is likely to be the 202,18 –
193,17 transition of glycolaldehyde, as was detected by Beltr´ an eta l .( 2 0 0 5 )i nG 3 1 ,G 2 4 A 1
and G24A2. A shift is observed in the velocity of 3 – 4 kms−1 in this transition compared
to the VLSR of each hot core. This is consistent with the glycolaldehyde observations of
both Beltr´ an et al. (2009), Halfen et al. (2006), and Hollis et al. (2000). Whilst further
transitions of this molecule are needed to conﬁrm its presence within G29 and G19, if
conﬁrmed, it would suggest that glycolaldehyde is a common hot core tracer. In both
hot cores this line is blended with two methyl cyanide lines, as it is in G31, G24A1 and
G24A2. The 4620,26 –46 19,27 EE transition (Eu =8 1 6K ,S µ2 =2 8 4 3D 2)o fa c e t o n em a y
also be contributing to the emission seen at this frequency. This is consistent with the
observations by Fuente et al. (2014), where they detect the 202,18 –19 3,17 transition of
glycolaldehyde at 220.466GHz, blended with acetone. In Chapter 3, both glycolaldehyde
and acetone emission are modelled to explore this possibility.
Figure 2.10 shows a map of the 188,10 –17 8,9Em e t h y lf o r m a t ee m i s s i o n( b l u ec o n t o u r s ;
line A, see Section 2.4.4), the 202,18 –19 3,17 glycolaldehyde emission (white contours) and
the averaged emission of the K=0, 1, 2 (12–11) transitions of methyl cyanide emission
(colour scale) in G31, G24A1, G24A2 and G29 (i.e. the four hot cores for which the
three molecular species have been detected). Methyl cyanidei sat y p i c a lh o tc o r et r a c e r .
For G24A1, G24A2, and G29 the three species seem to be tracing the same material
and peak at roughly the same position towards the dust emission peak. On the other72 Chapter 2. A Chemical Inventory of Hot Cores
hand, in G31 glycolaldehyde peaks towards the centre of the core where the continuum
source(s) is(are) embedded, whilst methyl formate and methyl cyanide show a diﬀerent
morphology. In particular, as reported by Beltr´ an et al. (2005), the methyl cyanide traces
at o r o i d a ls t r u c t u r ew i t ht h es t r o n g e s te m i s s i o ne a s t w a r d sof the millimetre continuum
emission peak, which is located towards the central dip. Beltr´ an et al. (2005) explained
these apparent toroidal morphology as caused by the high optical depth and the existence
of a temperature gradient in the core. On the other hand, methyl formate does not show
at o r o i d a lm o r p h o l o g yb u tp e a k st o w a r d st h ee a s t e r ns i d eo ft he core, at a position barely
coincident with that of the methyl cyanide. In this scenario,g l y c o l a l d e h y d ea p p e a r st o
be less aﬀected by excitation conditions, and a better tracero ft h ei n n e rc o n d i t i o n so ft h e
hot core closer to the embedded protostar(s). Methyl formatee m i s s i o ne x t e n d st o0 . 1 3
pc (3. ′′5) in G31 where the glycolaldehyde extends to 0.08 pc (2′′). In G24, both methyl
formate emission and glycolaldehyde emission extend to 0.11p c( 3 ′′). In G29, both methyl
formate emission and glycolaldehyde emission extend to 0.05p c( 3 ′′).
2.4.4 New identiﬁcations
In this Section, the identiﬁcation of some of the lines that were previously unidentiﬁed
(see Fig. 2.4) is discussed, namely A, B and E , for each source,a n dt h ef r e q u e n c y ,a r e ao f
the Gaussian ﬁtted, FWHM and peak brightness temperature arec o m p a r e di ne a c hh o t
core for each of the lines (see Table 2.4). It is clear from Fig.2 . 4t h a tt h es p e c t r ad ov a r y
among hot cores and that G31, the brightest hot core with Lbol > 104L⊙ (Beltr´ an et al.
2005) is the most chemically–rich hot core in the sample. Lines C, D, F and G labelled in
this ﬁgure could not be identiﬁed.
Line A is seen in four of the hot cores in the sample: G31, G29, G24A1 and G24A2
(Fig. 2.12). A Gaussian proﬁle has been ﬁtted to this line in each of the hot cores to
determine their rest frequency, integrated intensity, FWHM, and brightness temperature
(see Table 2.4). There is only a small spread in the observed rest frequency of this line
from 220.258240 to 220.260657 GHz, suggesting it is the same line in each hot core. Line
Ai st h eb r i g h t e s ti nG 3 1 ,a se x p e c t e d . T h eF W H Mr a n g ef r o m7 . 6 kms−1 in G29 to
11.1kms−1 in G24A1.
The potential identities of line A consist of three lines of methyl formate (HCOOCH3):
188,10 –1 7 8,9E, 242,23 –2 4 1,24E, and 242,23 –2 4 0,24E; one line of methylene amidogen
(H2CN): 32,1 –2 2,0,F=11/2-9/2, (n=0 – 0); and one line of vinyl alcohol (C2H3OH): 112,102.4. Molecular content 73
Figure 2.9: CH2(OH)CHO spectra with Gaussian ﬁts, integrated over the 3σ contour level
area towards G31, G29, G19, G24A1 and G24A2 as seen with the PdBI. This transition
was previously detected in G31, G24A1 and G24A2 in Beltr´ an eta l .( 2 0 0 5 )a n di sd e t e c t e d
in G19 and G29 in this work. In G29 it is only detected at a 3σ level.74 Chapter 2. A Chemical Inventory of Hot Cores
Table 2.4: The observed frequency, velocity, area of Gaussian ﬁt, FWHM, peak brightness
temperature and the rms of the baseline for lines A, B and E in each of the hot cores in
the sample. Spectra are integrated over the 3σ contour level.
Object Frequency
† VLSR Vpeak
R
Tdv (Err
††)F W H M ( E r r
††)T B,peak (Err
††)r m s
(GHz) (kms
−1)( k m s
−1)( K . k m s
−1)( k m s
−1)( K ) ( K )
Line A
G31 220.25826 96.8 96.8 72.0 (16.5) 8.2 (0.3) 7.8 (1.6) 0.3
G29 220.26005 98.9 96.2 8.3 (2.6) 7.6 (0.3) 1.0 (0.3) 0.2
G19 No detection rms = 0.2
G10 No detection rms = 0.1
G24A1 220.26065 110.8 107.5 17.4 (8.4) 11.1 (2.2) 1.5 (0.4) 0.2
G24A2 220.25928 110.8 109.2 19.4 (7.9) 10.3 (1.2) 1.8 (0.5) 0.3
Line B
G31 220.30769 96.8 96.8 37.4 (10.9) 7.1 (0.5) 5.0 (1.1) 0.3
G29 No detection rms = 0.2
G19 No detection rms = 0.2
G24A1 No detection rms = 0.2
G24A2 No detection rms = 0.3
G10 No detection rms = 0.1
Line E
G31 220.55216 96.8 95.8 19.0 (22.2) 6.4 (4.4) 2.8 (1.3) 0.9
G29 No detection rms = 0.3
G19 No detection rms = 0.6
G10 No detection rms = 0.2
G24A1 No detection rms = 0.8
G2A2 No detection rms = 0.8
† The small spread in frequency (0.0002 – 0.002 GHz) between ther e s tf r e q u e n c yo ft h e
line and the observed frequency for each molecule in each hot core, is due to the diﬀerence
between the VLSR and the Vpeak in each hot core. This diﬀerence is within the spectral
resolution and Vpeak error of the observations. †† The error for
 
T dv given in brackets is
determined from the ﬁtting error and the calibration uncertainty in the ﬂux measurement
of the telescope, as in Section 2.4.2. The error for TB is also determined as described in
Section 2.4.2. The error for the FWHM is the ﬁtting error.
Table 2.5: The observed lines transitions, Eu,S µ2,a n dl i n el i s tu s e df o rl i n e sA ,Ba n dE .
Line Molecule Transition Frequency Eu Sµ
2 Hot core detected in
(GHz) (K) D
2
Line A HCOOCH3 vt=1 18(8,10)–17(8,9)E 220.25809 331 38.5 G31, G29, G24A1, G24A2
Line B HCOOCH3 vt=1 18(10,9)–17(10,8)E 220.30738 354 33.2 G31
Line E H
13COOCH3 18(6,12)–17(6,11) 220.55130 313 43.9 G312.4. Molecular content 75
Figure 2.10: Spectral line map of the 188,10 –17 8,9Et r a n s i t i o no fm e t h y lf o r m a t e( b l u ec o n -
tours), the 202,18 –19 3,17 transition of glycolaldehyde (white contours) and the averaged
emission of the K=0, 1, 2 (12–11) transitions of methyl cyanide emission (colour scale) in
G31, G29, G24A1 and G31. For the methyl formate in G31, the channels averaged were
91.7–101.9kms−1,w i t hc o n t o u rl e v e l so f0 . 0 4–0 . 2 8J yb e a m −1,i ns t e p so f0 . 0 4J yb e a m −1.
In G24, the channels averaged for methyl formate were 102.4–112.6 kms−1,w i t hc o n t o u r
levels of 0.02–0.12Jybeam−1,i ns t e p so f0 . 0 2J yb e a m −1.I nG 2 9 ,t h ec h a n n e l sa v e r a g e d
for methyl formate were 91.1–101.3kms−1,w i t hc o n t o u rl e v e l so f0 . 0 1 5–0 . 0 6J yb e a m −1,
in steps of 0.015Jybeam−1.F o rg l y c o l a l d e h y d ei nG 3 1 ,t h ec h a n n e l sa v e r a g e dw e r e9 1 . 9 –
95.3 kms−1 with contour levels of 0.10–0.46Jybeam−1,i ns t e p so f0 . 1 2J yb e a m −1.I nG 2 4 ,
the channels averaged for glycolaldehyde were 104.8–108.2 kms−1,w i t hc o n t o u rl e v e l so f
0.04–0.12Jybeam−1,i ns t e p so f0 . 0 4 J y b e a m −1.I nG 2 9 ,t h ec h a n n e l sa v e r a g e df o rg l y -
colaldehyde were 92.2–95.6kms−1,w i t hc o n t o u rl e v e l so f0 . 0 1 6–0 . 0 8J yb e a m −1,i ns t e p s
of 0.016Jybeam−1.F o rm e t h y lc y a n i d et h ec o n t o u rl e v e l si nG 3 1a r e0 . 1 – 0 . 9 4 J y beam−1
in steps of 0.12, in G24, they are 0.1–1.0Jybeam−1 in steps of 0.18Jybeam−1,a n di n
G29, they are 0.09–1.14Jybeam−1 in steps of 0.15Jybeam−1.
–1 1 0,11.M e t h y l e n ea m i d o g e nh a sp r e v i o u s l yb e e nf o u n di nt h ec o l dc o re TMC–1 (Ohishi
et al. 1994) and methyl formate and vinyl alcohol have previously been detected in hot
cores (Fontani et al. 2007; Turner & Apponi 2001). Using criterion (v) from Section 2.1,
methylene amidogen can be ruled out as there are several expected transitions in the
frequency range of the observations that are not seen. Vinyl alcohol can also be ruled
out because the 112,10 –1 1 0,11 transition has a low line intensity (Sµ2 =0 . 0 3 ) ,w h i c h
leads to a column density of 2.7×1020 cm−2,s i xo r d e r so fm a g n i t u d eh i g h e rt h a nt h ev i n y l
alcohol column density in Sagittarius B2(N) (Turner & Apponi2 0 0 1 )a n dm u c hl a r g e r
than those of more commonly–observed molecules. Line A can therefore be identiﬁed as
the 188,10 –1 7 8,9Et r a n s i t i o no fm e t h y lf o r m a t e ,b u tt h e2 4 2,23 –2 4 1,24E, and 242,23 –
240,24Et r a n s i t i o n sa l s oc o n t r i b u t et ot h el i n eAe m i s s i o n .T h e1 8 8,10 –1 7 8,9Et r a n s i t i o n
of methyl formate is a high energy transition therefore it wasn o ti d e n t i ﬁ e dp r e v i o u s l y .
One notes however that, while all the expected transitions ofm e t h y lf o r m a t ei nt h e76 Chapter 2. A Chemical Inventory of Hot Cores
Figure 2.11: The expected bright emission of methyl formate transitions, that occur in the
frequency range of the observations, plotted on the spectra of hot cores G31, G29, G24A1
and G24A2. The numbers on the plot represent the intensity (Sµ2)o fm e t h y lf o r m a t e
transitions as determined by laboratory studies, in units ofD e b y e 2.
observations frequency range are detected in G31, this is nott h ec a s ef o rt h eo t h e rh o t
cores (see Fig. 2.11). For example, the 220.55131 GHz 186,12 –1 7 6,11,v t = 1( v i r b a t i o n a l l y -
torsionally excited state) transition of methyl formate falls in a region of no detectable
emission in the hot cores G29, G24A1 and G24A2. This may be an indication of tem-
perature diﬀerences among hot cores as the intensity of methyl formate transitions is
signiﬁcantly temperature dependent.
Line B is only detected in G31 (see Fig. 2.13). Its potential line identities are three tran-
sitions of methylene amidogen (H2CN) and one line of methyl formate (1810,9 –1 7 10,8E).
Methylene amidogen can, again, be ruled out according to (iii) criterion of Section 2.1, so
the methyl formate 1810,9 –1 7 10,8Et r a n s i t i o ni st h eb e s tc a n d i d a t ef o rl i n eB .
Line E is only detected in G31 (see Fig. 2.14). The quality of the Gaussian ﬁt was
poor and therefore has large errors associated with it. In order to generate a sensible ﬁt2.4. Molecular content 77
Figure 2.12: Spectra of Line A with Gaussian ﬁts, integrated over the 3σ contour level
area towards G31, G29, G24A1 and G24A2 as seen with the PdBI. This transition was
previously detected in G31 but was not identiﬁed, in Beltr´ ane ta l .( 2 0 0 5 ) ,a n di sa l s o
detected in G24A1, G24A2 and G29 in this work.
Figure 2.13: Spectra of Line B with a Gaussian ﬁt, integrated over the 3σ contour level
area towards G31 as seen with the PdBI. This transition was previously detected in G31
but was not identiﬁed in Beltr´ an et al. (2005).78 Chapter 2. A Chemical Inventory of Hot Cores
to the line it was necessary to ﬁx Tpeak and the line centre for the two molecules (DCO2H
and CH3CN) blended with this line. The ﬁtting parameters for line E, however, were free.
There are two potential line identities for line E, one line ofac a r b o n – 1 3i s o t o p o -
logue of methyl formate (H13COOCH3), 186,12 –1 7 6,11,v t = 1a n do n el i n eo fp r o p a n a l
(CH3CH2CHO), 94,5 –8 2,6.T h e r e i s o n l y o n e b r i g h t l i n e o f p r o p a n a l i n t h e f r e q u e n c y
range of these observations. This line falls in an area of little emission in the spectrum of
G31 thereby ruling out propanal as a candidate. The 186,12 –1 7 6,11,v t = 1t r a n s i t i o no f
methyl formate is therefore the best candidate for line E. Thet r a n s i t i o n a li n f o r m a t i o nf o r
these newly identiﬁed lines can be found in Table 2.5.
2.5 Evolutionary indicators
It is diﬃcult to disentangle the eﬀects of luminosity, mass, and evolutionary stage from
the spectra of hot cores alone. As a YSO evolves, the luminosity increases leading to an
increase in temperature in the associated hot core and a richer spectra (Beuther et al.
2009). Diﬀerences in luminosity and mass between objects at the same stage of evolution,
however, will also produce spectral diﬀerences. The richness of speciﬁc molecules in the
spectra may oﬀer a better metric for measuring evolutionary stage. The non–detection of
molecules in early High-Mass Protostellar Objects (HMPOs) suggests the formation and
excitation of nitrogen-bearing species, such as C2H3CN, and C2H5CN, take place in an
evolutionary more evolved stage (Doty et al. 2002).
Comparing these indicators with our hot core sample we note that G31 has the most
chemically rich spectra indicating that it is more evolved than the other cores, however,
the luminosity of this core is higher than the other cores (seeT a b l e2 . 1 ) ,a n dt h e r e f o r ei t
is diﬃcult to disentangle this eﬀect. G10 has chemically poors p e c t r ad e s p i t eh a v i n gt h e
third highest luminosity in our sample, which suggests it is relatively young. Its early–
stage is again indicated by the absence of C2H3CN, and C2H5CN transitions in its spectra,
which are observed in the other cores. G24A1 and G24A2 have similar masses but G24A1
is associated with an UCHII region suggesting that it is the more evolved YSO (Beltr´ an
et al. 2005). It is diﬃcult to comment further on the evolutiono ft h e s eo b j e c t sw i t h o u t2.6. Conclusions 79
Figure 2.14: Spectra of Line E with a Gaussian ﬁt, integrated over the 3σ contour level
area towards G31 as seen with the PdBI. This transition was previously detected in G31
but was not identiﬁed in Beltr´ an et al. (2005).
using a chemical model to understand their chemical history.S u c h a m o d e l i s d i s c u s s e d
in Chapter 4.
2.6 Conclusions
IRAM PdBI data has been analysed, in the frequency range 220.210GHz to 220.760GHz,
towards six hot cores: G31.41+0.31, G29.96–0.02, G19.61–0.23, G10.62–0.38, G24.78+0.08A1
and G24.78+0.08A2. The aim was to identify seven lines that were unidentiﬁed by Beltr´ an
et al. (2005) in G31 and look for their presence in the other ﬁveh o tc o r e s ,a sw e l la si d e n -
tify other complex molecules that were identiﬁed by Beltr´ ane ta l .( 2 0 0 5 )i nG 3 1a n dG 2 4
but not in G29, G19 and G10.
New identiﬁcations are made of three new transitions of methyl formate (HCOOCH3)
in G31, two of which are vibrationally excited lines. The spatial distribution of methyl
formate does indicate that it traces the dense and compact parts of hot cores. Compara-
tively methyl formate traces a region slightly more compact than that of methyl cyanide
but glycolaldehyde emission still remains the most compact to date. At this stage it is
not clear whether the fact that methyl formate is more extended than glycolaldehyde is a
question of excitation or chemistry. In G29, however, methylf o r m a t ea n dg l y c o l a l d e h y d e
are tracing an emission region of 0.05pc which is comparable to the compact emission of
glycolaldehyde in G31 (0.08pc). In G24 methyl formate and glycolaldehyde both trace a80 Chapter 2. A Chemical Inventory of Hot Cores
region comparable in size to the region traced by methyl formate in G31.
In this work, a detection of the 202,18 –1 9 3,17 transition of glycolaldehyde is postulated
in two more hot cores bringing the total number of detections in high mass star forming
regions, outside the Galactic Centre, to ﬁve hot cores. This emission whilst being far more
compact in G31, is of comparable compactness to methyl formate in G24A1, G24A2 and
G29. More observations are needed to conﬁrm the presence of glycolaldehyde in these
hot cores. The other complex molecule detections in the sample highlight chemical homo-
geneity among G29, G19, G24A1 and G24A2, not only in terms of presence or absence of
certain transitions but also when comparing column densities. G31, however, is the most
chemically rich object and the variety of transitions seen may suggest that it represents
ad i ﬀ e r e n te v o l u t i o n a r ys t a g et ot h eo t h e rh o tc o r e si nt h es a mple, or it may surround a
star with a higher mass. G10 is the most chemically poor hot core in the sample, and
combined with the non-detection of C2H3CN, and C2H5CN transitions seen in the other
cores, it indicates that it is at an early–stage of evolution.
In the next chapter the column densities and rotation diagrams are derived, assuming
Local Thermodynamic Equilibrium (LTE), for each of the molecules detected in the hot
core sample and a qualitative comparison is undertaken.Chapter 3
Spectral line analysis
By the end of my PhD I could swing a sledgehammer.
Jocelyn Bell Burnell
In order to relate the observationally derived quantities from molecular emission to the
physical parameters of hot cores, an understanding of the excitation conditions within
the cloud are needed. There are several techniques to interpret the antenna temperature
measured by the telescope, and convert this information intoc o l u m nd e n s i t i e sa n dt e m -
peratures inside the cloud. The most comprehensive of these is to generate a complete
physical model of the cloud and then compute the non-LTE excitation of a molecule, cal-
culate the emerging radiation from the source using non-linear radiative transfer, and then
convolve this emission with the telescope beam, to produce a simulated spectrum to com-
pare with observations. This requires collisional rate coeﬃcients, which are not available
for most complex molecules. These limitations mean that for the molecules discussed in
this thesis, an alternative approach is needed to determine the physical parameters from
within the cloud. The alternative is to assume LTE and then compute column densities
and temperatures through either the rotation diagram method, or an LTE spectral model
comparison with the observations.
The rotation diagram method relates the column density per statistical weight of sev-
eral molecular energy levels (Nu/gu), to their energy above the ground state (Eu). If LTE
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is assumed and the molecular transitions are optically thin,t h ec o l u m nd e n s i t yo ft h e
upper level Nu can be related to the integrated intensity by
Nu/gu =
Ntot
Q(Trot)
e−Eu/Trot =
 
8πν2k
 
Tdv
hc3Agu
 
, (3.1)
where gu is the statistical weight of the level u, Ntot is the total column density of the
molecule, Q(Trot)i st h er o t a t i o n a lp a r t i t i o nf u n c t i o n ,Eu is the energy of the upper energy
level, Trot is the excitation temperature of the molecular transitions, k is the Boltzmann
constant, ν is the frequency of the line transition, A is the Einstein coeﬃcient of the
transition, and
 
Tdv is the integrated line intensity.
In cases where the source does not ﬁll the beam, the column density must be corrected
for beam dilution by dividing the integrated line intensity by the beam dilution factor:
ηBD =
θ2
S
θ2
S + θ2
B
, (3.2)
where θS is the source size and θB is the beam size.
Equation 3.1 can be used to compute the column density of a molecule using only a
single transition, however, a more accurate value is determined if multiple transitions are
used. A plot of ln(Nu/gu)v e r s u sEu will then be a straight line, with gradient of –1/Trot,
and y-intercept of ln(Ntot/Q(Trot). If all energy levels are thermalised the excitation or
“rotation” temperature is equal to the kinetic temperature of the gas. In cases where
the assumption of optical thinness fails it is possible to calculate an optical depth cor-
rection factor for linear molecules (Goldsmith & Langer 1999). In the case of non-linear
molecules, molecular emission of isotopologues can be used to determine column densities
and gas temperatures, however one must account for the ratio of isomers to non isomers
(e.g. 13C/12C) in particular regions, to derive accurate column densities. A full derivation
of Equation 3.1, as described by Goldsmith & Langer (1999), can be found in Appendix A.
Alternatively, a comparison between the observational spectra and a spectral model
can be performed, to determine the column densities and excitation temperatures. A
spectral model simulates how the intensity of a source with intensity Iν changes with3.1. Estimates of excitation temperature 83
absorption and emission within a cloud using the equation of radiative transfer:
dIν
ds
= −ανIν + jν, (3.3)
where dIν
ds is the change in intensity at frequency ν,t h r o u g has l a bo fm a t e r i a lo ft h i c k n e s s
s,w i t ha b s o r p t i o nc o e ﬃ c i e n tαν and emissivity jν.
The emission from this cloud is then combined with the emission from the cosmic
microwave background and its detection at a telescope is simulated, to produce an artiﬁcial
spectrum. The physical parameters of the cloud (e.g. temperature, column density, cloud
size, molecular content) can be varied to produce an artiﬁcial spectrum which best ﬁts
the observed spectrum, and therefore a column density and excitation temperature which
best ﬁts the observed spectra.
In this chapter we analysis the molecular transitions detected in Chapter 2 with both
the rotation diagram method and spectral modelling. In Sections 3.1 and 3.2 we use the
rotation diagram method to compare column densities and rotation temperatures across
the hot cores G31, G29, G19, G24A1, and G24A2. In Section 3.3 weu s es p e c t r a lm o d -
elling to conﬁrm the presence of the molecules identiﬁed in Chapter 2, and derive column
densities and excitation temperatures for the molecular emission, which we compare to
the values determined from the rotation diagram method.
3.1 Estimates of excitation temperature
Methyl formate in G31 has been extensively studied and, asidef r o mt h r e en e w l y – i d e n t i ﬁ e d
transitions, twenty–six transitions have been previously detected (Fontani et al. 2007)
using the IRAM–30m. We therefore use the twenty–nine lines ofm e t h y lf o r m a t ei nG 3 1
to derive column densities and temperature estimates using ar o t a t i o n a ld i a g r a m . W e
have accounted for the beam dilution of the IRAM–30m data using a source size of 3. ′′5
as measured from the spectral line map of methyl formate (Fig.2 . 1 0 ) . F o rt h en e w l y
identiﬁed transitions we assume their emission ﬁlls the beam. The results can be seen from
Fig. 3.1 and Table 3.1. The linear ﬁts to the data in Fig. 3.1 have been calculated using
aw e i g h t e dr e g r e s s i o nl i n e .T h ed e r i v e dc o l u m nd e n s i t y( T a b le 3.1) is in good agreement
with the results of Isokoski et al. (2013 , 1.7 × 1017 cm−2)w h e na s s u m i n gas o u r c es i z eo f
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Figure 3.1: A rotation diagram of methyl formate transitionsi nG 3 1 ,e x t e n d i n gt h ew o r k
of Fontani et al. (2007) to higher excitation temperatures. A 12C/13Cr a t i oo f4 1w a s
calculated according to Wilson & Rood (1994) using the Galactic Coordinates of G31 and
as o u r c es i z eo f3 . ′′5w a sa s s u m e db a s e do nt h eo b s e r v e dd i s t r i b u t i o ns e e ni nF i g .2.10.
Errors for the v=1 excited transitions are so small (<0.02) that they do not appear on
this diagram.
Table 3.1: Estimated rotational temperature and column density of methyl formate cal-
culated using the rotation diagram method, using a source size which has been measured
in Chapter 2.
Object Source size (
′′) Trot (K) Column density (cm
−2)
G31 3.5 223±25 6.06±0.03×10
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From the rotational diagram we ﬁnd that, surprisingly, a single gas component with
at e m p e r a t u r eo f∼223K can ﬁt all twenty nine transitions. Note that line A and line
Ba r ev i b r a t i o n a l l ye x c i t e dt r a n s i t i o n so fm e t h y lf o r m a t ea nd we would have expected
them to trace a hotter region of gas. The large scatter of data points may indicate that
this single component does not characterise the kinetic temperature of the gas. Such
as c a t t e rc o u l db es e e ni ft h ea s s u m p t i o n so fL T Ea n do p t i c a lt hinness fail. Once a
transition has become optically thick, Nu/gu,f r o me q u a t i o n3 . 1 ,d o e sn o ti n c r e a s ew h e n
the fractional abundance of a species increases (Goldsmith &L a n g e r1 9 9 9 ) .I fam i x t u r e
of optically thin and thick transitions are included on the rotation diagram, a large scatter
of data points is seen. Additionally, such a scatter may indicate diﬀerent degrees of sub–
thermal excitation, i.e. non–LTE excitation (Goldsmith & Langer 1999). Finally, multiple
temperature components could be present which would make anyl i n e a rﬁ tt ot h ed a t a
very poor. In this instance, however, one would expect to observe a curve in the rotation
diagram, rather than a large scatter of data. Considering thel a r g ee r r o r ss e e no ns e v e r a lo f
the Fontani et al. (2007) data points, and the lack of data points in the 150 –270 K upper
energy level range, it is diﬃcult to characterise this scatter further, and more observations
are required.
3.2 Column density estimates
Table 3.2 lists calculated column densities for all identiﬁed molecules across our sample,
derived using Equation 3.1, by assuming LTE and optically thin emission (see Section 3.1
for a detailed discussion of the temperature of our hot cores). For CH3CN, and HCOOCH3
in G31, column densities have been derived from the rotation diagram method and are
therefore computed at their rotation temperature, given in brackets. For CH2OHCHO in
G31 the column density was derived by Beltr´ an et al. (2009), but they were unable to
determine a rotation temperature, and a kinetic temperatureo f3 0 0 Ki sa s s u m e d . F o r
molecules where only a single transition has been detected, and therefore no rotation
temperature can be derived, the column densities are computed at 300, 225, and 150K.
For the IRAM–30m observations of G31 we use a beam size rangingf r o m1 0 ′′ –24. ′′4.
For the PdBI observations we assume the source ﬁlls the beam.
Table 3.2 shows that all our species peak in their density in G31. However, it is surpris-
ing that there is relatively little variation across the sample for HNCO, DCO2H, C2H3CN86 Chapter 3. Spectral line analysis
Table 3.2: Column densities (cm−2)o ft h eo r g a n i cm o l e c u l e si no u rs a m p l e ,a s s u m i n g
LTE and optical thinness. The associated error for each column density is in brackets.
For molecules where only a single transition has been detected the column densities are
computed at 300, 225, and 150K. For molecules where a rotationt e m p e r a t u r ei sk n o w n ,
the column densities are computed at that temperature.
Object C2H3CN DCO2HH N C O C 2H5CN
300K
G31 1.47 (0.61)×1018 5.00 (0.46)×1016 3.69 (0.39)×1016 1.56 (0.42)×1016
G29 ... 1.61 (0.40)×1016 1.80 (0.25)×1016 2.25 (0.65)×1015
G19 2.87 (0.60)×1017 1.28 (0.41)×1016 2.02 (0.22)×1016 4.69 (0.36)×1015
G24A1 2.90 (0.73)×1017 ... 1.43(0.51)×1016 5.26 (0.39)×1015
G24A2 7.27 (0.44)×1017 1.60 (0.71)×1016 1.75 (0.43)×1016 6.38 (0.43)×1015
225K
G31 8.38 (0.61)×1017 3.25 (0.46)×1016 2.43 (0.39)×1016 1.01 (0.42)×1016
G29 ... 1.05 (0.40)×1016 1.18 (0.25)×1016 1.46 (0.65)×1015
G19 1.64 (0.60)×1017 8.34 (0.41)×1015 1.33 (0.22)×1016 3.04 (0.36)×1015
G24A1 1.66 (0.73)×1017 ... 9.44(0.51)×1015 3.42 (0.39)×1015
G24A2 4.15 (0.44)×1017 1.04 (0.71)×1016 1.15 (0.43)×1016 4.14 (0.43)×1015
150K
G31 3.90 (0.61)×1017 1.77 (0.46)×1016 1.33 (0.39)×1016 5.52 (0.42)×1015
G29 ... 5.69 (0.06)×1015 6.48 (0.25)×1015 7.95 (0.65)×1014
G19 7.62 (0.60)×1016 4.54 (0.41)×1015 7.25 (0.22)×1015 1.65 (0.36)×1015
G24A1 7.71 (0.73)×1016 ... 5.16(0.51)×1015 1.86 (0.39)×1015
G24A2 1.93 (0.44)×1017 5.67 (0.71)×1015 6.31 (0.43)×1015 2.25 (0.43)×1015
Object CH3CNa CH2(OH)CHO HCOOCH3
G31 8×1016 (164K) 1×1017†† (300K) 6.06 (0.03)×1017††† (223K)
G29 1×1016 (158K) 5.14 (0.66)×1015 (300K) 1.62 (0.32)×1016 (300K)
G19 2×1016 (244K) 4.59 (0.62)×1015 (300K) ...
G24A1 2×1016 (132K) 3.95 (0.40)×1015 (300K) 3.42 (0.48)×1016 (300K)
G24A2 2×1016 (132K) 8.14 (0.49)×1015 (300K) 3.80 (0.41)×1016 (300K)
G31 ... ... ...
G29 ... 2.83 (0.66)×1015 (225K) 9.84 (0.32)×1015 (225K)
G19 ... 2.52 (0.62)×1015 (225K) ...
G24A1 ... 2.17 (0.40)×1015 (225K) 2.07 (0.48)×1016 (225K)
G24A2 ... 4.48 (0.49)×1015 (225K) 2.31 (0.41)×1016 (225K)
G31 ... ... ...
G29 ... 1.23 (0.66)×1015 (150K) 4.80 (0.32)×1015 (150K)
G19 ... 1.09 (0.62)×1015 (150K) ...
G24A1 ... 9.43 (0.40)×1014 (150K) 1.01 (0.48)×1016 (150K)
G24A2 ... 1.94 (0.49)×1015 (150K) 1.13 (0.41)×1016 (150K)
a CH3CN has been observed to be optically thick in all these objectss ot h ec o l u m nd e n s i t i e s
are those derived by (Beltr´ an et al. 2005, 2011) using observations of CH3
13CN. Column
density errors for this molecule are not given in these papers.
†† The column density of glycolaldehyde for G31 has been obtained by Beltr´ an et al. (2009)
using the rotation diagram method, assuming a kinetic temperature of 300K.
††† The column density for this object was determined using the rotation diagram method
assuming a source size of 3. ′′5, see Section 3.1.3.3. Spectral Modelling 87
and C2H5CN, all of which diﬀer by a factor of 5 or less from source to source, especially
when considering the variation in luminosity in the sample (see Table 2.1). HNCO densi-
ties are remarkably consistent throughout the sample. CH3CN and CH2(OH)CHO show
more variation, but if we exclude G31, then calculated columnd e n s i t i e sf o rt h er e m a i n i n g
objects in the sample again agree very well, to within a factoro f∼2. It is diﬃcult to
disentangle the eﬀects of luminosity and chemical evolution, to explain the large column
densities observed in G31. The diﬀerences between the luminosity of G31 and the other
hot cores, however, is not suﬃcient to explain the chemical variations observed suggesting
the cores are not all at the same stage of evolution.
3.3 Spectral Modelling
We have also analysed the observations using the spectral modelling software CASSIS and
using the JPL Catalog. CASSIS has been developed by IRAP-UPS/CNRS 1.W eu s et h e
LTE analysis tool to determine the column densities and excitation temperatures, Tex,
required to reproduce the emission. The brightness temperature, Tb,o fag i v e ns p e c i e si s
calculated by CASSIS according to:
Tb = TCe−τ +( 1− e−τ)(Jν(Tex) − Jν(CMB)), (3.4)
where TC is the temperature of the continuum, τ is the optical depth, CMB is the cosmic
microwave background at 2.7 K, and Jν(T)=( hν/k)/(1−ehν/kT −1) is the radiation tem-
perature. A derivation of this formula using the equation of radiative transfer (Equation
3.3) can be found in Vastel (2014).
The input parameters for CASSIS are the column density, excitation temperature,
source size, FWHM, and VLSR for each species we observe. Values for the source size,
FWHM, and VLSR are taken from our observations. We vary the column densitiesa n d
excitation temperatures for each species until a best ﬁt is achieved. Further details of the
CASSIS software and LTE analysis tool can found in the CASSIS documentation2.
In particular, the spectral modelling focuses on the emission of CH3CN, HCOOCH3
1http://cassis.irap.omp.eu
2http://cassis.irap.omp.eu/docs/RadiativeTransfer.pdf88 Chapter 3. Spectral line analysis
Figure 3.2: CASSIS modelling (blue line) of methyl formate (HCOOCH3), glycolaldehyde
(CH2(OH)CHO), methyl cyanide (CH3CN), isocyanic acid (HNCO), and ethyl cyanide
(C2H5CN) overlaid on the PdBI observations (black line). We label the molecules detected
in this work in the G31 panel. The numbers indicate the position of the CH3CN (12K –
11K)K - c o m p o n e n t si nt h eu p p e rp a r t( i np i n k )o fe a c hs p e c t r aa n dof the CH3
13CN (12K
–1 1 K)K - c o m p o n e n t si nt h el o w e rp a r t( i nr e d ) . W ee x c l u d et h e13CO line from these
models as several of the line proﬁles exhibit missing ﬂux fromt h ec e n t r e ,m o s t l yl i k e l y
due to extended emission being ﬁltered out by the interferometer citepbeltran2005.3.3. Spectral Modelling 89
and a possible contamination of the CH2(OH)CHO emission with (CH3)2CO, to test the
validity of our line assignments. In this model, we assume that the gas is in LTE conditions
at a temperature Tex.W ee x c l u d et h e13CO line from these models as several of the line
proﬁles exhibit missing ﬂux from the centre, mostly likely due to extended emission being
ﬁltered out by the interferometer (Beltr´ an et al. 2005). A comparison of the column
densities that we derive using the rotation diagram method and those we derive from
spectral modelling can be found in Table 3.3.
Spectral models of CH3CN emission, using only a single column density and excitation
temperature, do not reproduce the observations accurately (Figure 3.2). We hypothesize
that this ‘poor’ ﬁt may be due to a combination of factors: (i) diﬀerent transitions of
CH3CN may peak, or may be tracing, diﬀerent temperatures and densities within our
emission region, (ii) the emission we observe may not be in LTE, (iii) contributions due to
blending, (iv) CH3CN opacities are highly variable from the K=1 to the K=7 transitions,
(v) the poor signal-noise ratio of the high–energy K-transitions. The best ﬁt of all of
the CH3CN transitions is achieved at Tex ranging from 410–450 K across our hot core
sample. For HCOOCH3 emission we have produced a spectral ﬁt for the transition at
220.258 GHz (Figure 3.3) and the transition at 220.307 GHz. Wea r eu n a b l et om o d e la n y
isotopologues of methyl formate with CASSIS and have therefore omitted the transition
at 220.551 GHz from our ﬁt. In G31, where the rotation diagram column density was
derived from multiple transitions of methyl formate, we ﬁnd the spectral model column
density required to match the observations to be the same order of magnitude as the value
derived from the rotation diagram method (6.06×1017 cm−2). For the other hot cores
we require a modelled column density a factor of 2– 3 larger than the rotation diagram
value. This is not surprising as the rotation diagram column density was derived from
only one transition in these cores and therefore represents al e s sr e l i a b l ee s t i m a t eo ft h e
methyl formate column density in these objects. As we only have one conﬁrmed methyl
formate transition in several of our hot cores, it is diﬃcult to accurately measure the Tex
required to reproduce these observations. We are conﬁdent from this modelling that we
have correctly identiﬁed the 188,10 –17 8,9Ea n d1 8 10,9 –17 10,8Et r a n s i t i o n so fH C O O C H 3
in our hot core sample.
For CH2(OH)CHO emission we have produced a spectral ﬁt for the transition at
220.466 GHz (Figure 3.4). For G31 the required column densityt or e p r o d u c et h es p e c t r a90 Chapter 3. Spectral line analysis
Figure 3.3: Models of the 188,10 –17 8,9Et r a n s i t i o no fH C O O C H 3 using CASSIS (blue line)
overlaid on the PdBI observations (black line).
is similar to the observed value. For G29, G19, G24A1, and G24A2 the required model
column densities are a factor of 1.5–3 larger than the observed values. This is likely to
be due, again, to the rotation diagram column densities for these hot cores being derived
using only one CH2(OH)CHO transition, and therefore represent a less reliablee s t i m a t e
of the column densities.
We have also explored the possibility that this transition ofg l y c o l a l d e h y d ei sb l e n d e d
with the 4620,26 –46 19,27 EE (Eu =8 1 6K ,S µ2 =2 8 4 3D 2)a n dt h e1 1 11,1,1 –10 10,0,1AE
(Eu =6 3K ,S µ2 =5 1 9D 2)t r a n s i t i o n so fa c e t o n e . W eﬁ n df o rc o l u m nd e n s i t i e sa n d
excitation temperatures of acetone which produce enough emission to explain the line at
220.466 GHz, we overproduce emission at 220.368GHz. It is possible that both acetone
and glycolaldehyde could be present in the hot cores in our sample, however, the contribu-3.3. Spectral Modelling 91
Figure 3.4: CH2(OH)CHO spectra with CASSIS models (blue line) overlaid on the PdBI
observations (black line). From left to right: the 202,18 –19 3,17 transition of glycolaldehyde,
the 12(8)–11(8) transition of CH3CN, and the 12(6)–11(6) transition of CH3
13CN.92 Chapter 3. Spectral line analysis
Table 3.3: A comparison table between spectral modelling column densities (CD) and exci-
tation temperatures, and column densities (CD) derived using the rotation diagram (RD)
method at speciﬁc temperatures, for methyl cyanide, methyl formate and glycolaldehyde.
Hot core Tex (K) Spectrally modelled CD (cm
−2)C D d e r i v e d u s i n g R D m e t h o d ( c m
−2)
CH3CN
G31 450 9×10
15 8×10
16† (164K)
G29 410 5×10
15 1×10
16† (158K)
G19 450 4×10
15 2×10
16† (244K)
G24a1 310 4×10
15 2×10
16† (132K)
G24a2 450 6×10
15 2×10
16† (132K)
HCOOCH3
G31 223 3.31×10
17 6.06×10
17 (150K)
G29 300 4.30×10
16 1.62×10
16 (300K)
G24A1 300 9.60×10
16 3.42×10
16 (300K)
G24A2 300 1.00×10
17 3.80×10
16 (300K)
CH2(OH)CHO
G31 300 8.20×10
16 1.00×10
17 (300K)
G29 300 8.00×10
15 5.14×10
15 (300K)
G19 300 9.00×10
15 4.59×10
15(300K)
G24A1 300 1.00×10
16 3.95×10
15 (300K)
G24A2 300 1.00×10
16 8.14×10
15 (300K)
† These values are taken from Beltr´ an et al. (2005) and are therefore quoted to the same
precision given in this paper.
tion of acetone to the line seen at 220.466GHz is not signiﬁcant (<7%). More observations
are needed to conﬁrm the presence of both glycolaldehyde and acetone in these hot cores.
3.4 Conclusions
Ar o t a t i o nd i a g r a ma n a l y s i so fm e t h y lf o r m a t ee m i s s i o ni nG 3 1y i e l d sac o l u m nd e n s i t yo f
6.06×1017 cm−2.T h i si sa tl e a s to n eo r d e ro fm a g n i t u d el a r g e rt h a nt h ec o l u m nd e n s i t i e s
in the other hot cores in our sample. We have also found a singlet e m p e r a t u r ec o m p o n e n t
of 223K (using a source size of 3. ′′5) that ﬁts these transitions, although the vibrationally
excited transitions we have found, and our very large column densities would suggest that
methyl formate may trace multiple temperature components ofG 3 1 . T h i sm a ya l s ob e
true of the hot cores in G29 and G24. The spatial distribution of methyl formate does
indicate that it traces the dense and compact parts of hot cores. Spectral modelling of
methyl formate produces the same column density in G31 as determined by the rotation
diagram method. In the other cores we ﬁnd that the diﬀerences between column densities
determined through spectral modelling and through the rotation diagram method are less3.4. Conclusions 93
than an order of magnitude. This is to be expected when the column density is only
computed for a single transition.
In Chapter 2 we postulate that we have found the 202,18 –19 3,17 transition of glyco-
laldehyde in two more hot cores bringing the total number of detections in high mass
star forming regions, outside the Galactic Centre, to ﬁve hotc o r e s . W eh a v es p e c t r a l l y
modelled our emission to explore the possible contaminationo ft h i st r a n s i t i o nw i t ht h e
4620,26 –46 19,27 EE and 1111,1,1 –10 10,0,1AE transitions of acetone. We ﬁnd that any con-
tribution of acetone emission to the line seen at 220.466GHz is not signiﬁcant. More
observations are needed to conﬁrm the presence of glycolaldehyde in these hot cores. Our
other complex molecule detections in our sample highlight chemical homogeneity among
G29, G19, G24A1, and G24A2, not only in terms of presence or absence of certain tran-
sitions but also when comparing column densities. G31, however, is the most chemically
rich object, and the signiﬁcantly diﬀerent column densitiesw eﬁ n di nt h i sc o r ec o m b i n e d
with the variety of transitions seen may suggest that it represents a diﬀerent evolution-
ary stage to the other hot cores in our sample, or it may surround a star with a higher mass.94 Chapter 3. Spectral line analysisChapter 4
Chemical Modelling
It is a mistake to think you can solve any major problems just with potatoes.
Douglas Adams
In Chapter 3, we found a chemical diﬀerence between G31 and rest of our hot core sam-
ple. Chemical diﬀerentiation in hot cores has been observed before (Mookerjea et al. 2007;
Garay & Lizano 1999) and attributed to either diﬀerences in their host star mass and/or
diﬀerences in ages. Results of chemical models in the past have suggested that determin-
ing abundance ratios of typical hot core tracers (e.g. CH3CN) as well as sulphur–bearing
species could serve as indicators of both mass and age (Hatchell et al. 1998; Viti et al. 2001;
Buckle & Fuller 2003; Viti et al. 2004). However, much care hast ob et a k e nd u et ot h ef a c t
that most species do not necessarily trace the very inner parto ft h ec o r ea n dt h e i re m i s s i o n
region probably spans a range of densities and temperatures that make the interpretation
diﬃcult (Wakelam et al. 2004). The complex species discussedi nC h a p t e r s2a n d3 ,o nt h e
other hand, may be a better choice of age/mass discriminationa st h e ya l ls e e mt ot r a c ea
more compact region than the more widely–observed species such as CH3OH and CH3CN.
In the next section we make use of a chemical model, UCL CHEM (Viti et al. 2004)
to simulate the formation and evolution of hot cores and see ift h ed i ﬀ e r e n c e si nr a t i o so f
the species listed in Table 3.2, between G31 and the rest of thec o r e s ,c a ns h e ds o m el i g h t
on the masses and ages of our sources.
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4.1 UCL CHEM
UCL CHEM (Viti et al. 2004) is a two–phase time–dependent gas–grain model, which
follows the collapse of a pre–stellar core (Phase I), followed by the subsequent warming
and evaporation of grain mantles (Phase II). Phase I starts from the number density
of a diﬀuse cloud (102 cm−3)a n da l l o w saf r e e – f a l lc o l l a p s et ot a k ep l a c eu n t i laﬁ n a l
density (which varies between 106−8 cm−3)i sr e a c h e d . T h i so c c u r si s o t h e r m a l l ya ta
temperature of 10K. During the collapse, atoms and moleculesc o l l i d ew i t h ,a n df r e e z e
on to, grain surfaces. The depletion eﬃciency is determined by the fraction of the gas–
phase material that is frozen on to the grains (Rawlings et al.1 9 9 2 ) . T h i sf r a c t i o ni s
arrived at by adjusting the grain surface area per unit volume, and assuming a sticking
probability of unity for all species. The fraction of material on grains is then dependent
on the product of the sticking probability and the amount of cross–section provided per
unit volume by the adopted grain size distribution. Grains are considered to be spheres.
We assume that hydrogenation occurs rapidly on the grain surfaces, so that, for example,
some percentage of carbon atoms accreting will rapidly become frozen out methane (CH4)
etc. In Phase II we increase the dust and gas temperature up to 300 K, to simulate
the presence of a nearby infrared source, i.e the nearby forming star ‘switching on’. The
observational luminosity proﬁle of Molinari et al. (2000) isu s e dt od e r i v et h et e m p e r a t u r e
of the gas (which is assumed to be the same as the dust temperature), as a function of the
luminosity of the protostar. It is assumed that the rise in stellar intensity is too slow to
be considered instantaneous and therefore grain surface evaporation is time–dependent.
Temperature programmed desorption (TPD) experiments by Collings et al. (2004) on a
variety of ices found that all species relevant to hot cores can be categorised as H2Ol i k e
(Fraser et al. 2001), CO–like (Collings et al. 2003b), and intermediate. Two additional
categories, reactive and refractory, were proposed by Viti et al. (2004) to account for
species not yet studied with TPD. For each category they used the information in Collings
et al. (2004), Collings et al. (2003b)a n dC o l l i n g se ta l .( 2 0 0 3 a)t oe s t i m a t et h ef r a c t i o n
of a particular species that is desorbed in various temperature bands. The speciﬁc details
for each category including desorption band, species, and fraction desorbed in each band
can be found in Table 1 in Viti et al. (2004). This form of time–dependent desorption is
included in the warm–up phase of UCL CHEM.
Initial atomic abundances are taken from Soﬁa & Meyer (2001) and can be found in4.1. UCL CHEM 97
Table 4.1: Initial fractional abundances compared to the total number of hydrogen nuclei,
as taken from Soﬁa & Meyer (2001).
Element Fractional abundance
He 0.075
N 8.52×10−5
O 4.45×10−4
C 1.79×10−4
Si 1.43×10−6
S 1.48×10−6
Mg 5.12×10−6
Table 4.1.
We use a chemical network which includes 2453 gas phase and grain surface reactions,
for 228 diﬀerent species. For the gas–phase chemistry, reaction rate coeﬃcients are taken
from the UMIST database (Woodall et al. 2007). Some coeﬃcients have been updated
with those from the KInetic Database for Astrochemistry (KIDA) database (Wakelam
et al. 2009). Some simple grain–surface reactions (mainly hydrogenation) are also in-
cluded, as in Viti et al. (2004). For this work we have also included selected routes for
grain–surface formation of glycolaldehyde as in Woods et al.( 2 0 1 2 )a n dm e t h y lf o r m a t ea s
in Occhiogrosso et al. (2011). In Phase I three mechanisms of non–thermal desorption are
considered as in Roberts et al. (2007): Desorption resultingf r o mH 2 formation, desorp-
tion by direct cosmic ray heating, and cosmic ray–induced photo–desorption. Laboratory
experiments on graphite substrates suggest that a non–negligible fraction (Creighan et al.
2006) of the ∼4.5 eV released in the exothermic surface formation of H2 is transferred
to the grain surface. This may thermally desorb weakly bound mantle species (Duley &
Williams 1993). Considerations of the energy threshold required and the range of volatile
species aﬀected can be found in Roberts et al. (2007). The rateo fd e s o r p t i o nb yd i r e c t
cosmic ray heating is calculated by considering the number ofm o l e c u l e sc a p a b l eo fb e i n g
desorbed per cosmic ray impact. As with H2 formation, this process is expected to only
aﬀect volatile species, e.g. CO. Prasad & Tarafdar (1983) found that cosmic ray particles
or secondary electrons released by cosmic ray ionisation maye x c i t et h ea b s o r b i n gg a si na
molecular core, and result in a signiﬁcant level of UV photon ﬂux inside dark clouds. The
UV photons are most likely absorbed by H2Ol e a d i n gt od i s s o c i a t i o na n dl o c a lh e a t i n g ,
resulting in the desorption of nearby molecules.
We use this model to investigate how varying key model parameters, such as the ﬁnal98 Chapter 4. Chemical Modelling
Table 4.2: The range of ﬁnal densites, eﬃciencies of freeze-out, and masses of the star
varied in the 84 models we have run.
Final density (cm−3)E ﬃ c i e n c y o f f r e e z e - o u t ( % ) M a s s
106 14–62 15M⊙,2 5M ⊙
107 56–100 15M⊙,2 5M ⊙
108 100 15M⊙,2 5M ⊙
collapse density, lifetime of the cold phase, the type of evaporation, and the eﬃciency of
the freeze–out of species (measured as a percentage of the total CO in the solid phase)
aﬀect the abundances of methyl cyanide, methyl formate, glycolaldehyde, ethyl cyanide
and isocyanic acid during the hot core evolution. We do not include deuterated formic
acid in our reaction network because a full deuterated network would have been required.
Before this work, this species had only ever been detected in G31 (Beltr´ an et al. 2005) and
very little is known, experimentally, about its formation and destruction in the ISM. We
have run 84 models using the range of ﬁnal densities, eﬃciencies of freeze-out, and mass
of the forming star listed in Table 4.2.
Since the period in which the grains are warmed from very low temperatures to the
temperatures observed in typical hot cores is determined by the time taken for a pre–
stellar core to evolve towards the main sequence, and hence byi t sm a s s( V i t i&W i l l i a m s
1999) we have explored the eﬀect of new–born stars with diﬀerent masses (15M⊙ and
25M⊙), corresponding to contraction times of 118,000yr and 70,000yr respectively – see
Bernasconi & Maeder (1996).
In the following section we explore the sensitivity of the aforementioned species to
changes in the physical and chemical parameters described above, before comparing our
theoretical models with observations. Figures 4.1–4.3 showg a s – p h a s ea b u n d a n c e si n
Phase II of the model, for ease of comparison to observationally–derived results.
4.2 Sensitivity to stellar masses
Figure 4.1 shows an example of two models, each with a ﬁnal density at the end of Phase
Io f1 0 7 cm−3 and a freeze–out percentage of ≈60% in the solid phase, diﬀering in the ﬁnal
mass of the star in Phase II. At ≈ 104.5 yrs the sudden jump in abundance of methyl
formate and ethyl cyanide is due to the evaporation of these species from the grain mantle
surface. At late times varying the ﬁnal mass of the star does not seem to aﬀect the4.2. Sensitivity to stellar masses 99
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Figure 4.1: Gas phase fractional abundances of selected species as a function of time for
a1 5 M ⊙ (top) and a 25M⊙ star (bottom), both with a ﬁnal gas density after Phase II
of 107 cm−3.A t≈ 104.5 yrs the sudden jump in abundance of methyl formate and ethyl
cyanide is due to the evaporation of these species from the grain mantle surface.100 Chapter 4. Chemical Modelling
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Figure 4.2: Fractional abundances of selected species at 106 yr after the ‘switch on’ of the
star as a function of the percentage of CO left in the gas phase at the end of Phase I, for
a2 5M ⊙ star with a ﬁnal gas density after Phase I of 107 cm−3.
fractional abundances of the complex species we consider; however, as expected (see Viti
et al. 2004), a higher mass implies an earlier icy mantle evaporation. In general a very low
abundance of COMs (complex organic molecules) implies a young age with the exception
of methyl cyanide (but see Sect. 4.4) whose abundance is high regardless of the age of the
core; hence, a core where this species is the only abundant complex molecule may be a
very young core. The theoretical low fractional abundances before evaporation translate
into column densities of the order of <1010 cm−2,m u c hl o w e rt h a nt h el o w e s to b s e r v e d
values for our sample.
4.3 Sensitivity to the icy mantle composition
Figure 4.2 is a plot of the fractional abundances of selected species at 105 yr after Phase
II starts, as a function of the percentage of CO left in the gas phase at the end of Phase
I. Note that after few thousand years from the beginning of Phase II CO will have com-
pletely evaporated back into the gas phase so the percentage on the x–axis is not an
indication of the ﬁnal gas CO abundance. In the ﬁgure, we present models which use
two diﬀerent values of the reaction rate coeﬃcient for the formation of glycolaldehyde.
This is due to the uncertainties in the value of this quantity (see Woods et al. 2012).
We only consider one formation route for glycolaldehyde for simplicity: g–CH3OH + g–4.4. Sensitivity to the gas density 101
HCO → g–CH2(OH)CHO, where g– refers to a species which is frozen on to the grain
surface. As expected, the abundance of most complex species increases with an increase
in freeze–out eﬃciency (corresponding to a decrease in the percentage of CO in the gas
phase). However, it is interesting to note that ethyl cyanides e e m st od e c r e a s ea tav e r y
high freeze-out eﬃciency while the abundance of methyl cyanide is more or less constant.
The main route of formation for ethyl cyanide is via hydrogenation of HC3No nt h eg r a i n s
so in principle its abundance should increase with the eﬃciency of freeze–out. However,
as HC3Ni se ﬃ c i e n t l yf o r m e di nt h eg a sp h a s ev i ar e a c t i o n si n v o l v i n gH 2O, HCN and
other hydrocarbons, when freeze–out is very eﬃcient, the reactants are depleted from gas
deposited on the grains at a higher eﬃciency than that of the reactions forming HC3N.
4.4 Sensitivity to the gas density
Figure 4.3 shows the abundance of our selected molecules as a function of time for three
diﬀerent ﬁnal densities. The fractional abundance of most species increases with density
when going from 106 to 107 cm−3 although the increase is less pronounced at high densi-
ties. An interesting eﬀect of increasing densities is observed with methyl cyanide whose
abundance before thermal evaporation is still high at the lowest density, while it drops
considerably at high densities: we interpret this as a directe ﬀ e c to ff r e e z e – o u t ,w h i c hi s
directly proportional to collisional frequency of the parent species forming CH3CN during
Phase I. Finally, we note that at a late stage of the evolution of the core, the ratio of the
selected COMs varies as a function of density: for example, atl o w e rd e n s i t i e sC H 3CN is al-
ways higher than the other organic molecules, while already at 107 cm−3 CH3CN/C2H5CN
is ∼1a n da th i g h e rd e n s i t i e s ,<1. We also see that at lower densities C2H3CN/C2H5CN
>1, however, at higher densities this ratio is inverted. Similar considerations can be made
about other species, making the ratios of our selected COMs ideal tracers of densities for
evolved hot cores.
4.5 Comparison with observations
Table 3.2 shows that the diﬀerences in column densities amongc o r e s ,f o rm o s ts p e c i e s ,
are seldom larger than one order of magnitude. We note that of the species we are
modelling, only methyl formate and methyl cyanide have been extensively studied in the
laboratory (Modica & Palumbo 2010; Bennett & Kaiser 2007; Khliﬁ et al. 1996; Defrees102 Chapter 4. Chemical Modelling
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Figure 4.3: The gas phase abundance of isocyanic acid, ethyl cyanide, methyl cyanide,
methyl formate, and glycolaldehyde as a function of time for the percentage of CO left in
the solid phase of 100% , a mass of 15M⊙,e q u i v a l e n tt oac o n t r a c t i o nt i m eo f1 1 50 0 0y r ,
with step evaporation of the icy mantles. The top panel corresponds to a ﬁnal density
after Phase I of 106 cm−3.T h em i d d l ep a n e lc o r r e s p o n d st oaﬁ n a ld e n s i t ya f t e rP h a s eI
of 107 cm−3.T h eb o t t o mp a n e lc o r r e s p o n d st oaﬁ n a ld e n s i t ya f t e rP h a s eIof 108 cm−3.4.5. Comparison with observations 103
et al. 1985; Huntress & Mitchell 1979). The other complex molecules are little–known
and it is very likely that our models are missing routes of formation and destruction for
these species. Moreover, we note that the LTE calculations shown in Table 3.2 were
for a temperature of 300K; a lower temperature would in general yield a lower column
density. The uncertainties related to the size of the emission region and temperatures,
together with the incompleteness of the chemical networks for COMs makes a quantitive
comparison with chemical modelling diﬃcult. Nevertheless,w ed oa t t e m p taq u a l i t a t i v e
comparison with observations by estimating theoretical column densities from our models.
We derive the theoretical column density of the organic species detected in our hot core
sample N,b yu s i n gt h ea p p r o x i m a t ef o r m u l ab e l o w :
N = X × AV × NH2, (4.1)
where X is the fractional abundance from our models and NH2 is the column density of
H2 that corresponds to 1 mag of visual extinction (Bohlin et al. 1978), which is 1.6×1021
cm−2.F o rAV we adopt a typical hot core visual extinction of 600 mag (noting that the
column density simply scales linearly with extinction and that the fractional abundances
calculated from the models are insensitive to visual extinctions above a critical value of
∼10mag, when photons do not penetrate any further).
The ﬁrst general conclusion we can draw by comparing Table 3.2w i t ho u rm o d e l s
(see Figs. 4.1, 4.2 and 4.3) is that all cores are evolved enough that all the mantles have
evaporated. From our models this means that they are at least 20,000 yr old cores (this
estimate increases with decreasing mass).
We ﬁnd that in most models the theoretical column densities ofH N C Od on o tv a r y
by more than one magnitude (8×1015 –3 ×1016 cm−2), where the upper values coincide
with models with a high density and freeze-out (as expected since HNCO forms mainly
on the grains). HNCO seems to be fairly constant among cores and its observed column
densities are closer to the upper theoretical values; hence,t h eo n l yt e n t a t i v ec o n c l u s i o nw e
can derive here is that the density of the observed cores is >106 cm−3,p o s s i b l ya sh i g ha s
108 cm−3;t h i si sc o n s i s t e n tw i t ht h ee m i s s i o no fC O M sb e i n gs oc o m p a c tt h a tt h e yt r a c e
the gas closer to the protostar. In Figure 4.4 this can be seen more clearly. We show plots
of the theoretical column densities as a function of time for three diﬀerent ﬁnal densities.
The points on the plots represent the observed column densities for every hot core in our104 Chapter 4. Chemical Modelling
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Figure 4.4: The theoretical column densities of isocyanic acid, ethyl cyanide, methyl
cyanide, methyl formate, and glycolaldehyde as a function oft i m ef o ram o d e l sw h e r ea
100% of CO is found in the solid phase, and the mass is 15M⊙,e q u i v a l e n tt oac o n t r a c t i o n
time of 115000yr. The points on each graph are the observational column densities for
each hot core, as determined in Chapter 3. The top panel corresponds to a ﬁnal density
after Phase I of 106 cm−3.T h em i d d l ep a n e lc o r r e s p o n d st oaﬁ n a ld e n s i t ya f t e rP h a s eI
of 107 cm−3.T h eb o t t o mp a n e lc o r r e s p o n d st oaﬁ n a ld e n s i t ya f t e rP h a s eIof 108 cm−3.4.5. Comparison with observations 105
sample. For G31 the observed column densities of HNCO most clearly match theoretical
column densities in the model shown in the bottom panel, wheret h eﬁ n a ld e n s i t yi s1 0 8
cm−3.
C2H5CN is, on the other hand, always under abundant in our models although, again,
it is highest in models where the density and freeze-out are high. We note that, among
the cores, the highest value for this species is found in G31, implying a higher density for
this core.
Figure 4.4 highlights how C2H3CN is also under abundant in our models but is highest
when the density and freeze-out are high. Again, the highest column density for this
species is found in G31.
CH3CN shows a larger variation in observed column densities, from 1016 cm−2 in G29
to 8×1016 in G31. A similar range is found in our models as a function, again, of density,
although interestingly not of freeze-out (see Figure 4.1). Again, we conclude that G31 is
the densest core, with nH close to 108 cm−3.
The observed CH2(OH)CHO column density is similar among all cores but G31, where
it is two orders of magnitude higher than in the other objects.I ti si n t e r e s t i n gt on o t et h a t
we can match its column density with models of gas densities oft h eo r d e ro f1 0 8 cm−3
for G31 and 106 –10 7 cm−3 for the rest of the cores, again supporting the conclusion that
G31 has a higher gas densities than the rest of the objects in our sample. We note that
only models where we use a high rate coeﬃcient for the formation of glycolaldehyde are
able to reproduce the observations, in agreement with the ﬁndings of Woods et al. (2012).
Finally, HCOOCH3 shows the same behaviour as glycolaldehyde in that it is higher by
at least one order of magnitude in G31 compared to the rest of the sample where it is more
or less constant at 1016 cm−2.I no u rm o d e l s ,w er e a c hac o l u m nd e n s i t yo f1 0 16 cm−2 at
gas densities of 107 cm−3;i n t e r e s t i n g l ya ni n c r e a s et o1 0 8 cm−3 only yields an increase
in methyl formate by a factor of few and only for a relatively short period of time, since
this species seems to decline in abundance after 5×105 yrs. However, we point out that
the column density for G31 was determined using a temperatured e r i v e df r o mar o t a t i o n a l
diagram, while for all the other cores a simple LTE calculation at 300K, 225K and 150K
was performed. In fact, in general, LTE calculations at lowert e m p e r a t u r ew o u l dy i e l da
lower column densities, and therefore without determining the rotation temperature for
all molecules it is diﬃcult to compare observational and theoretical column densities fully.106 Chapter 4. Chemical Modelling
4.6 Conclusions
We have undertaken a comparison between observations and a chemical model, UCL CHEM,
to interpret the molecular inventory of the six cores and qualitatively characterise each
core and its evolutionary stage. We note that of the species wea r em o d e l l i n g ,o n l ym e t h y l
formate and methyl cyanide have been extensively studied in the laboratory (Modica &
Palumbo 2010; Bennett & Kaiser 2007; Khliﬁ et al. 1996; Defrees et al. 1985; Huntress &
Mitchell 1979). The other complex molecules are little–known and it is very likely that
our models are missing routes of formation and destruction for these species. The un-
certainties related to the size of the emission region and temperatures, together with the
incompleteness of the chemical networks for COMs makes a moreq u a n t i t a t i v ec o m p a r i s o n
with chemical modelling inappropriate.
In conclusion, a qualitative comparison between our modelling and observations seem
to yield a consistently higher density for G31 than the other objects in our sample, a result
consistent with the fact that most lines are indeed the brightest in G31. We can also safely
conclude that our sample only contains evolved hot cores, with an age of at least 20,000
years. The variations in the theoretical abundance of glycolaldehyde and methyl formate
with time could be used as a diagnostic of age. For our sample ofc o r e s ,h o w e v e r ,t h e i r
ratio is very similar in all hot cores and does not elude to any diﬀerences in age. We are
unable to constrain the mass of each core; this information would have led to a better
constraint for the age of each core.Chapter 5
Acetic acid and its isomers
You’re gonna need a bigger boat.
Jaws, 1975
Acetic acid (CH3COOH) and its two isomers, methyl formate (HCOOCH3), and glyco-
laldehyde (CH2OHCHO), are astronomically important complex molecules. Both glyco-
laldehyde and methyl formate have been found to trace very compact regions of massive
star formation (Beltr´ an et al. 2009; Calcutt et al. 2014), and acetic acid is a precursor
to the amino acid acid glycine. This makes these molecules important for the study of
environments signiﬁcant to the formation of life, and to the understanding of massive star
formation. Whilst methyl formate has been detected in a largev a r i e t yo fs t a rf o r m i n g
regions, and acetic acid has been detected in several star forming regions, glycolaldehyde
has only been detected in a handful of regions (see referencesb e l o w ) .T h e s ef e wd e t e c t i o n s
have, however, raised interesting questions as to how these isomers form in star forming
environments, and in particular how their formation routes diﬀer in Galactic Centre loca-
tions, compared to those outside the Galactic Centre.
The ﬁrst detection of glycolaldehyde was in the Sagittarius B2 region of the Large
Molecule Heimat (LMH), located towards the Galactic Centre (Hollis et al. 2001). It was
found to have an extended spatial extent (∼60′′)w i t hal o we x c i t a t i o nt e m p e r a t u r e ,i m p l y -
ing that it originated from condensed–phase ice chemistry int h ee x t e n d e de n v e l o p e ,r a t h e r
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than from warm gas–phase chemistry in the hot molecular core (HMC). The emission of
both methyl formate and acetic acid were found to be less extended than glycolaldehyde
(Hollis et al. 2001). Beltr´ an et al. (2009) detected glycolaldehyde for the second time
outside the Galactic Centre, in the HMC G31.41+0.31 (G31). Inc o n t r a s tt ot h eG a l a c t i c
Centre detection, they found the emission from glycolaldehyde to be very compact, more
so than methyl cyanide, a typical hot core tracer. The deconvolved size at 50% of the peak
emission was found to be ∼1. ′′3( ∼104 au) at 1.4 mm. This suggests that the emission is
rather concentrated towards the centre of the core, and that glycolaldehyde is an excellent
tracer of the innermost, hottest, and densest regions of HMCs, associated with the embed-
ded high–mass protostar(s). A further detection of glycolaldehyde was made by Jørgensen
et al. (2012) in the low–mass binary protostar IRAS 16293. Glycolaldehyde emission was
again found to originate from the centres of the two protostars. This diﬀerence in spatial
scale may indicate a diﬀerent formation route in the GalacticC e n t r ec o m p a r e dt ot h a ti n
HMCs. The 20(2,18) –19(3,17) transition of glycolaldehyde found in G31 has also been
detected in the HMCs G24.78+0.08 (G24; Beltr´ an et al. 2005) and in G29.96–0.02 (G29)
and G19.61–0.23 (G19; Calcutt et al. 2014), bringing the total number of detections in
HMCs outside the Galactic Centre to ﬁve.
Methyl formate has been detected in many high-mass (e.g. Favre et al. 2011; Sakai
et al. 2007; Ikeda et al. 2001) and low–mass sources (Shiao et al. 2010; Bottinelli et al.
2004). In Calcutt et al. (2014) vibrationally excited (vt=1)t r a n s i t i o n so fm e t h y lf o r m a t e
were detected in G31, G29, and G24. It was found to trace a region slightly more compact
than methyl cyanide but larger than the compact region tracedb yg l y c o l a l d e h y d e ,a n d
detections of vibrationally excited transitions would suggest that methyl formate traces
multiple temperature components (Calcutt et al. 2014). In Calcutt et al. (2014) we were
only able to detect one transition of methyl formate in G29, G19, and G24, making our col-
umn density estimates less reliable than those of G31, which were calculated from twenty
nine transitions of methyl formate. The spatial extent of methyl formate in G29 and G24
was found to be similar to that in G31 (3′′), however the spatial extent of glycolaldehyde
in the other HMCs was not found to be as compact as that in G31, and is coincident with
the methyl formate emission.
Acetic acid has also been detected in both high–mass and low–mass regions. The ﬁrst109
detection was made by Mehringer et al. (1997) in the Sgr B2 (LMH) using the Berkeley–
Illinois–Maryland Association (BIMA) Array and then conﬁrmed with the Caltech Owens
Valley Radio Observatory (OVRO) Millimeter Array, with a total of three transitions be-
ing detected. Remijan et al. (2002) used the OVRO Array to detect two new transitions
toward Sgr B2 (LMH) and BIMA to detect ten transitions toward the HMC W51e2. Fol-
lowing on from this work Remijan et al. (2003) conducted the ﬁrst survey of acetic acid,
surveying twelve HMCs, and detecting it in the HMC G34.3+0.02. They found a relative
CH3COOH/HCOOCH3 abundance ratio of ∼3.3×10−2,w h i c hi sc o m p a r a b l et ot h ea b u n -
dance ratio found in Sgr B2 (LMH; 3.0×10−2)a n dW 5 1 e 2( 6 . 0 ×10−2). Requena-Torres
et al. (2006) carried out a study of complex organic moleculesi nt h eG a l a c t i cC e n t r e ,
and detected acetic acid in 40 molecular clouds. Acetic acid has also been detected in
al o w – m a s ss t a rf o r m i n gr e g i o n ,I R A S1 6 2 9 3 – 2 4 2 2( C a z a u xe ta l. 2003). A survey of
acetic acid was also conducted using the Combined Array for Research in Millimeter–
wave Astronomy (CARMA) at 3 mm (Shiao et al. 2010), to determine if co–spatial O and
Ns p e c i e sm a yb ea ni n d i c a t o rf o rd e t e c t i n ga c e t i ca c i d . T h e ydetected two transitions
toward G19 and tentatively conﬁrmed the detection of acetic acid toward IRAS 16293–
2422. The column density of acetic acid toward G19 was found tob e2 . 0×1016 cm−2 and
the CH3COOH/HCOOCH3 abundance ratio was found to be 0.22. A column density of
1.6×1015 cm−2 was found toward IRAS 16293–2422, with a CH3COOH/HCOOCH3 abun-
dance ratio of 0.1 toward G19.
To date, there are only four sources where acetic acid, methylf o r m a t e ,a n dg l y c o -
laldehyde have all been detected: MC G-0.11-0.08 and MC G-0.02-0.07, located in the
Sgr A* complex (Requena-Torres et al. 2008), and MC G+0.693-0.03 (Requena-Torres
et al. 2008) and the LMH (Hollis et al. 2001), located in the SgrB 2c o m p l e x . A l lo f
these sources are in the Galactic Centre. Table 5.1 shows the relative abundance ratios
of acetic acid, glycolaldehyde, and methyl formate determined in each of these objects.
In order to explore how these diﬀering physical conditions aﬀect the chemistry of acetic
acid, glycolaldehyde, and methyl formate in the Galactic Centre compared to that outside
the Galactic Centre, their abundance ratio must also be determined in several hot cores
outside the Galactic Centre. In April 2013 we began a series ofs i n g l e – d i s ho b s e r v a t i o n s
with the JCMT to increase the number of sources where this ratio has been calculated.
Whilst our limited spatial resolution means we cannot investigate the spatial extent of110 Chapter 5. Acetic acid and its isomers
Table 5.1: Abundance ratios for acetic acid (aa) : glycolaldehyde (gly) : methyl formate
(mf) determined in the only four sources where these molecules have been detected, all of
which are located in the Galactic Centre.
Source Ratio aa:gly:mf
LMH, Sgr B2 ∼1:0.5:26
MC G+0.693–0.03, Sgr B2 1:>5:>25
MC G–0.11–0.08, Sgr A* 1:>4:>20
MC G–0.02–0.07, Sgr A* 1:>6:>20
these molecules, we have been able to perform a comparative study of acetic acid, methyl
formate, and glycolaldehyde chemistry in several HMCs.
Following on from the detections of methyl formate and glycolaldehyde detailed in
Chapters 2–4, in this Chapter we present the results of a studyo fa c e t i ca c i d ,m e t h y l
formate, and glycolaldehyde emission in G31, G29, G19, and G24. The aims of this work
are:
1. To increase the number of methyl formate transitions detected in our hot core sam-
ple, focusing on excited (vt=1) transitions, to determine ifm u l t i p l et e m p e r a t u r e
components are present.
2. To increase the number of glycolaldehyde transitions detected in our hot core sam-
ple, thereby providing more accurate column densities and rotation temperature
estimates, and in the case of G29, G19 and G24, conﬁrm the presence of glycolalde-
hyde in these cores.
3. To detect transitions of acetic acid for the ﬁrst time in G31, G29, and G24.
4. To determine the abundance ratio between acetic acid, methyl formate, and glyco-
laldehyde in our sample of HMCs, to constrain the chemical formation pathways of
these molecules in HMCs.
5.1 Observations and data analysis
5.1.1 A3 observations
The dual–band A3 receiver on the JCMT was used in beam–switch mode to observe G31
between April 2013 and June 2013. A severe line blending problem was seen due to the5.1. Observations and data analysis 111
spectrally crowded nature of hot cores and the dual–band nature of the receiver. The
observations were centred on the 228.073 GHz, 20( *,19)–19( *,18) vt=0 transition of
acetic acid in the lower sideband, as this was one of the few bright (106 Sµ2)l i n e so f
acetic acid that had an uncontaminated frequency space in theu p p e rs i d e b a n d . T oe n -
sure the sideband separation was exactly 8 GHz, and the line ofa c e t i ca c i dw o u l dn o tb e
blended with another line in the upper sideband, the telescope was centred on a doppler
shifted frequency to account for the source velocity of 96.6 kms−1,a n dt h e nt h es o u r c e
velocity was set to 0 kms−1.T h i s e n s u r e d t h e a c e t i c a c i d d e t e c t i o n w a s i n t h e c e n t r e
of the sideband. As part of the data analysis process the spectra were doppler shifted
back to the correct frequency. Additionally, observations were taken that were centred
at 271.874 GHz, 230.538 GHz, 238.517 GHz, and 260.632 GHz, to detect more transi-
tions of glycolaldehyde, acetic acid, and methyl formate. A total of 24 hrs was used to
observe G31 with the A3 receiver. The beam size was 20′′and the beam eﬃciency was 0.69.
5.1.2 HARP observations
Between April and May 2014 the HARP receiver on the JCMT was used with two spectral
regions, to observe two frequency ranges towards G24, G29, and G19, the ﬁrst centred on
the 30(*,29) –29(*,28) transition of acetic acid at 334.498 GHz, and the second centred
on the 30(*,27)–29(*,26) transition of acetic acid at 354.231 GHz. Each spectral region
is separated by 0.99 GHz and is 0.91 GHz in width. HARP was chosen for the follow
up observations to avoid the dual sideband blending issues that were encountered with
receiver A3. For G19 and G24 the beam–switch mode was used on the telescope, whereas
for G29 the position–switch mode had to be used as CO maps (Olmie ta l .2 0 0 3 )i n d i c a t e d
there was no region free of emission within 180′′of the source centre (the beam–switch
limit for the JCMT). A total of 11.8 hrs was used to observe G24,G 2 9 ,a n dG 1 9 .D e t a i l s
of the coordinates and VLSR for each source can be found in Table 2.1. The beam size
was 14′′and the beam eﬃciency was 0.63.
The calibrated data product was retrieved from the JCMT OMP and then reduced and
analysed using the starlink and class software packages. Thed a t aw e r ec o m b i n e du s i n gt h e
makecube command in smurf, and then converted into class format for line ﬁtting. The
line ﬁtting procedure and error calculations are the same as those described in Sections
2.4.1 and 2.4.2 in Chapter 2.112 Chapter 5. Acetic acid and its isomers
Table 5.2: Transitional information, including the quantumn u m b e r s ,r e s tf r e q u e n c i e s ,
upper energy levels, Einstein A coeﬃcients, and upper state degeneracies, for the nine
transitions of HCOOCH3 detected in these observations.
Transition Rest frequency (GHz) Eu (K) A (s−1)g u
22(10, 13)–21(10,12)A vt=0 271.67085 216 2.41e-4 90
27(11, 17, 1)–26(11, 16, 1)E vt=0 334.04436 304 4.74e-4 110
26(5, 21, 5)–25(5, 20, 5)E vt=1 334.22860 416 5.48e-4 106
27(10, 17, 2)–26(10, 16, 2)E vt=0 334.85095 290 4.93e-4 110
27(10, 17, 0)–26(10, 16, 0)A vt=0 334.87279 290 4.94e-4 110
33(1, 33, 1)–32(0, 32, 2)E vt=0 354.60777 293 6.96e-5 134
29(13, 17, 3)–28(13, 16, 3)A vt=1 355.15521 556 5.47e-4 118
29(13, 17, 4)–28(13, 16, 4)E vt=1 355.42621 556 5.48e-4 118
29(12, 18, 3)–28(12, 17, 3)A vt=1 355.58863 539 5.69e-4 118
In these observations we detect a large range of molecular transitions, including strong
lines of 13CH3OH, C2H3CN, and HCN. A full analysis of these lines, however, is beyond
the scope of this chapter, and in the following sections we focus on methyl formate, gly-
colaldehyde, and acetic acid emission.
5.2 Methyl formate (HCOOCH3)
In this work we detect nine new transitions of methyl formate,i n c l u d i n gf o u re x c i t e d
(vt=1) transitions (Table 5.2). We determine the integratedi n t e n s i t y ,m a i nb e a mt e m -
perature, FWHM, rms, and sigma detection level for each transition from a Gaussian ﬁt
(Table 5.3). The blue line in Figures 5.1, 5.2, 5.3, and 5.4 show these ﬁts overlaid on the
spectra. The solid lines represent the ﬁt to the methyl formate lines of interest, and the
dashed lines represent the ﬁts to the transition they are blended with.
Several of these transitions suﬀer from severe blending witho t h e rm o l e c u l e s .I np a r t i c -
ular, the 27(11, 17, 1)–26(11, 16, 1)E vt=0 transition of methyl formate is blended with
vinyl cyanide in all cores, but in G29 this severe blend leads to a poor ﬁt. This transition is
therefore excluded from the rotation diagram analysis for G29. The 27(10, 17, 2)–26(10,
16, 2)E vt=0 transition of methyl formate is more severely blended in G29 than the other
cores. In order to generate a realistic ﬁt to the data the FWHM was ﬁxed, and the centre
and temperature peak were free parameters. For parameters that are ﬁxed a ﬁtting error
cannot be generated, and the ﬂux error derived from the ﬁt can be underestimated. The5.2. Methyl formate (HCOOCH3) 113
29(13, 17, 4)–28(13, 16, 4)E vt=1 and 29(12, 18, 3)–28(12, 17,3 ) Av t = 1t r a n s i t i o n s
were also severely blended in G29 and G24, and the 27(10, 17, 0)–26(10, 16, 0)A vt=0
transition was severely blended in G19. These ﬁts were determined by ﬁxing the FWHM,
based on a visual inspection of the data.
Using the rotation diagram method we combine the transitionsd e t e c t e di nC h a p t e r2
and those detected in this work to derive a column density (Table 5.4) and rotation tem-
perature (Table 5.5) for methyl formate in our HMC sample. We use a source size of 3′′.5
in G31 and 3′′in G29, G29, G19, and G24, as determined from the spatial extent map in
Figure 2.10, to correct for beam dilution. Figure 5.5 shows the rotation diagrams for G31,
G29, G19 and G24. A large scatter of data points is seen in the rotation diagrams for all
of our hot core sample, with vt=0 transitions being particularly aﬀected. These diagrams
strengthen the argument discussed in Section 3.1 of Chapter 3, that methyl formate is
optically thick or in non–LTE conditions in these hot cores. At present there is no indica-
tion that this scatter is due to two temperature components, however without a far larger
sample of data points it is diﬃcult to accurately characterise these rotation diagrams. In
particular, additional observations are needed of methyl formate isotopologues in order to
compute optical depths.
The column densities we derive for G31 and G29 are of the same order of magnitude as
was determined in Chapter 3, however in the case of of G19 and G24 the column densities
are an order of magnitude higher. This highlights the need to determine column densities
from a large number of transitions to ensure that an accurate value is determined. We
the additional transitions detected in this chapter we have been able to determine rota-
tion temperatures in every hot core in our sample. G29, G19, and G24 have a range of
141–169K. The value for G31 is slightly higher at 191K.114 Chapter 5. Acetic acid and its isomers
Figure 5.1: Spectra centred at 271.874 GHz on the HMC G31. The solid blue line is
for Gaussian ﬁts of HCOOCH3 transitions, and the solid green line is for Gaussian ﬁts
of CH2(OH)CHO transitions. The dashed lines are the ﬁts of blended transitions not
discussed in this chapter.
Figure 5.2: Spectra centred at 334.498 GHz on the HMCs G29, G19, and G24. The blue
line is for Gaussian ﬁts of HCOOCH3 transitions, and the green line is for Gaussian ﬁts
of CH2(OH)CHO transitions.5.2. Methyl formate (HCOOCH3) 115
Table 5.3: Integrated intensity, main beam temperature, FWHM, rms, and sigma detection
level information determined from a Gaussian ﬁt of the HCOOCH3 transitions detected
in these observations.
Frequency
 
T dv (Err) FWHM (Err) TMB (Err) rms Sigma detection level
(GHz) (Kkms−1)( k m s −1)( K ) ( K )
G31
271.67122 4.36 (1.05) 6.49 (0.67) 0.63 (0.08) 0.04 >5σ
G29
334.04892 0.70 (0.44) 7.41 (2.65) 0.09 (0.02) 0.02 >5σ
334.85285 0.78 (0.16) 6.00 (0.00) 0.13 (0.02) 0.02 >5σ
334.87500 0.78 (0.23) 5.15 (0.69) 0.14 (0.02) 0.02 >5σ
354.60810 1.78 (0.34) 5.80 (0.34) 0.18 (0.03) 0.02 >5σ
355.15573 0.28 (0.13) 4.94 (0.82) 0.05 (0.02) 0.02 3σ
355.42410 0.28 (0.06) 3.00 (0.00) 0.09 (0.03) 0.02 5σ
355.59138 0.40 (0.09) 4.30 (0.00) 0.08 (0.03) 0.02 4σ
G19
334.04442 1.5 (0.38) 9.10 (0.88) 0.16 (0.03) 0.02 >5σ
334.22845 0.59 (0.17) 6.78 (0.39) 0.08 (0.02) 0.02 4σ
334.85226 0.91 (0.17) 5.76 (0.23) 0.14 (0.02) 0.02 >5σ
334.87318 1.01 (0.16) 6.00 (0.00) 0.16 (0.03) 0.02 >5σ
354.60908 2.75 (0.66) 7.02 (0.86) 0.36 (0.05) 0.02 >5σ
355.15583 0.55 (0.09) 4.54 (0.04) 0.11 (0.02) 0.02 >5σ
355.42541 0.50 (0.22) 6.01 (0.88) 0.08 (0.02) 0.02 4σ
355.58997 0.75 (0.20) 5.64 (0.48) 0.13 (0.03) 0.02 >5σ
G24
334.04443 1.5 (0.42) 9.10 (0.88) 0.16 (0.03) 0.02 >5σ
334.23007 0.59 (0.16) 6.78 (0.39) 0.08 (0.02) 0.02 4σ
334.85227 1.23 (0.20) 6.30 (0.00) 0.19 (0.03) 0.02 >5σ
334.87316 1.42 (0.30) 6.94 (0.44) 0.19 (0.03) 0.02 >5σ
354.60815 3.08 (0.50) 6.07 (0.24) 0.48 (0.06) 0.02 >5σ
355.15398 0.47 (0.14) 5.81 (0.44) 0.08 (0.02) 0.02 5σ
355.42410 0.44 (0.14) 6.70 (0.00) 0.06 (0.02) 0.02 4σ
355.59117 0.31 (0.31) 5.00 (0.00) 0.06 (0.05) 0.02 4σ
Table 5.4: Column densities derived with the rotation diagram method using transitions
of HCOOCH3 detected in Chapter 2 and in these observations.
Hot core Column density (cm−2)
G31 4.70 (0.02)×1017
G29 6.40 (0.21)×1016
G19 1.00 (0.18)×1017
G24 1.80 (0.19)×1017116 Chapter 5. Acetic acid and its isomers
Figure 5.3: Spectra centred at 354.231 GHz on the HMCs G29, G19, and G24. The blue
line is for Gaussian ﬁts of HCOOCH3 transitions, and the pink line is for Gaussian ﬁts of
CH3COOH transitions.
Table 5.5: Rotation temperatures derived from the rotation diagram method for
HCOOCH3 in the hot cores G31, G19, and G24. We use a source size of 3′′.5 in G31
and 3′′in G29, G19, and G24 as found in Figure 2.10 to correct for beam dilution in the
JCMT observations. We assume that the source ﬁlls the beam in the PdBI observations.
Hot core Rotation temperature (K)
G31 191±19
G29 141±10
G19 169±14
G24 153±135.2. Methyl formate (HCOOCH3) 117
Figure 5.4: Spectra centred at 355.231 GHz on the HMCs G29, G19, and G24. The blue
line is for Gaussian ﬁts of HCOOCH3 transitions.118 Chapter 5. Acetic acid and its isomers
G31 G29
G19 G24
Figure 5.5: Rotation diagrams for methyl formate emission inG 3 1 ,G 2 9 ,G 1 9 ,a n dG 2 4 .5.2. Methyl formate (HCOOCH3) 119
Figure 5.6: Spectra centred at 335.498 GHz on the HMCs G29, G19, and G24. The green
line is for Gaussian ﬁts of CH2(OH)CHO transitions.120 Chapter 5. Acetic acid and its isomers
5.3 Glycolaldehyde (CH2(OH)CHO)
In this work we detect four transitions of glycolaldehyde (Table 5.6). These detections
conﬁrm the presence of glycolaldehyde in the HMCs G29, G19, and G24. We determine
the integrated intensity, main beam temperature, FWHM, rms,a n ds i g m ad e t e c t i o nl e v e l
for each transition from a Gaussian ﬁt (Table 5.7). The green lines in Figures 5.1, 5.2,
and 5.6 show these ﬁts overlaid on the spectra.
Unfortunately, each of these new detections suﬀers from blending with other molecules,
however, despite this a good ﬁt was achieved for almost all transitions. The exception to
this is the 26( 2,25)–25( 1,24) transition in G31, where due tob l e n d i n gf r o map r o m i n e n t
transition of HNC, these transitions were diﬃcult to ﬁt. A ﬁt was achieved by ﬁxing the
FWHM of the 26( 2,25)–25( 1,24) transition. Due to this poor ﬁtt h ee r r o r so nt h em a i n
beam temperature are very large. In order to achieve a realistic ﬁt for the 17( 6,11)–16(
5,12) transition of glycolaldehyde in G29, the FWHM also had to be ﬁxed, however the
quality of the ﬁt is reasonable and this is reﬂected in the ﬁtting errors for this transition.
Table 5.6: Transitional information, including the quantumn u m b e r s ,r e s tf r e q u e n c i e s ,
upper energy levels, Einstein A coeﬃcients, and upper state degeneracies, for the ﬁve
transitions of CH2(OH)CHO detected in these observations.
Transition Rest frequency (GHz) Eu (K) A (s−1)g u
26( 2,25)–25( 1,24) 271.96700 184 7.06e-4 53
35(14,21) –35(13,22) 334.58731 470 8.03e-4 71
17( 6,11)–16( 5,12) 335.09789 107 5.34e-4 35
34(14,20) –34(13,21) 335.44098 450 7.97e-4 69
Figure 5.7 shows the rotation diagrams for glycolaldehyde emission in G29, G19, and
G24. We combine the detections in Chapter 2 and this work to determine column densities
(Table 5.8) and rotation temperatures (Table 5.9). We use a source size of 2′′ in G31 and
3′′ in G29, G19, and G24, which are determined from the spatial extent maps in Figure
2.10, to correct for beam dilution. We are unable to determiner o t a t i o nt e m p e r a t u r e sf o r
G31. The temperatures we derive for G29 (292K), G19 (368K) andG 2 4( 2 4 1K )s u g g e s t
that glycolaldehyde traces relatively hot gas. The column densities of glycolaldehyde we
derive for G29 and G24 are of the same order of magnitude as we found in Chapter 3. In
Table 5.8, the column density for G31 is given as a range of values, determined for each5.3. Glycolaldehyde (CH2(OH)CHO) 121
Table 5.7: Integrated intensity, main beam temperature, FWHM, rms, and sigma detection
level information determined from a Gaussian ﬁt of CH2(OH)CHO transitions detected in
the HMCs G31, G29, G19, and G24.
Frequency
 
T dv (Err) FWHM (Err) TMB (Err) rms Sigma level
(GHz) (Kkms−1)( k m s −1)( K ) ( K )
G31
271.96516 2.11 (7.80) 10.22 (0.58) 0.19 (0.70) 0.04
G29
334.58843 0.44 (0.23) 4.16 (0.88) 0.09 (0.03) 0.02 >5σ
335.09974 0.80 (0.17) 4.50 (0.00) 0.16 (0.03) 0.02 >5σ
335.44205 0.36 (0.17) 4.94 (0.24) 0.06 (0.03) 0.02 4σ
G19
334.58644 0.94 (0.36) 5.51 (0.88) 0.16 (0.03) 0.02 >5σ
335.09950 1.92 (0.63) 11.58 (0.87) 0.16 (0.03) 0.02 >5σ
335.44397 0.72 (0.31) 6.44 (0.40) 0.11 (0.03) 0.02 >5σ
G24
334.58764 0.59 (0.20) 5.18 (0.17) 0.11 (0.03) 0.02 >5σ
335.09805 0.80 (0.36) 5.44 (0.78) 0.14 (0.05) 0.02 >5σ
335.44196 0.23 (0.14) 3.17 (0.59) 0.06 (0.03) 0.02 4σ
Table 5.8: Column densities derived with the rotation diagram method using transitions
of CH2(OH)CHO detected in Chapter 2 and in these observations.
Hot core Column density (cm−2)
300K
G31 4.77 (0.1)×1015–8.10 (0.07)×1016
G29 1.08 (0.19)×1016
G19 2.28 (0.26)×1016
G24 1.08 (0.33)×1016122 Chapter 5. Acetic acid and its isomers
G29
G19
G24
Figure 5.7: Rotation diagrams for glycolaldehyde emission in G29, G19, and G24.5.4. Acetic acid (CH3COOH) 123
Table 5.9: Rotation temperatures derived from the rotation diagram method for
CH2(OH)CHO in the hot cores G29, G19, and G24. We use a source size of 2′′ in G31 and
3′′in G29, G19, and G24, which are determined from the spatial extent maps in Figure
2.10, to correct for beam dilution in the JCMT observations. We assume the source ﬁlls
the beam in the PdBI observations.
Hot core Rotation temperature (K)
G29 292±64
G19 368±102
G24 241±50
transition. The spread in column density spans an order of magnitude indicating that
transitions of glycolaldehyde in this core may be aﬀected by optical thickness or non-LTE
conditions.
5.4 Acetic acid (CH3COOH)
In this work we detect two transitions of acetic acid (Table 5.10). The detections made in
G31, G29, and G24 are the ﬁrst detections of this molecule in these hot cores, however,
more transitions are needed to determine accurate column densities and rotation temper-
atures. We determine the integrated intensity, main beam temperature, FWHM, rms,
and sigma detection level for each transition from a Gaussianﬁ t( T a b l e5 . 1 1 ) .T h ep i n k
line in Figures 5.3, and 5.8 show these ﬁts overlaid on the spectra. We estimate column
densities in each core in Table 5.11, but are unable to derive rotation temperatures as
more transitions are needed. We assume a source size of 2′′ for all HMCs, as was found
in G19 by Shiao et al. (2010).
The 30( *,27)–29( *,26)–vt=0 transition of acetic acid detected in G29, G19, and
G24 is blended with several other molecules including the J=4–3 transition of HCN. Self–
absorption is seen in the HCN line indicating that it might be tracing an outﬂow. In order
to determine the level of contamination of the acetic acid line with nearby molecules, all
emission was modelled, including a high–velocity componentt oa c c o u n tf o rt h ew i n g so n
the HCN line. Figure 5.3 shows the acetic acid, and the overallp r o ﬁ l eo ft h ec o m b i n e dﬁ t
of all blended molecules. In order to achieve this ﬁt in G29 andG 1 9 ,i tw a sn e c e s s a r yt o
ﬁx the FWHM of the acetic acid transition to produce a realistic ﬁt. This produced a very
good ﬁt to the data, however, the error on the ﬂux for these transitions is underestimated,
as no error can be calculated for the FWHM.124 Chapter 5. Acetic acid and its isomers
Figure 5.8: The spectrum of the 20( *,19)–19( *,18)–vt=0 transition of CH3COOH
detected in G31.
Table 5.10: Transitional information, including the quantum numbers, rest frequencies,
upper energy levels, Einstein A coeﬃcients, and upper state degeneracies, for the two
transitions of CH3COOH detected in these observations.
Transition Rest frequency (GHz) Eu (K) A (s−1)g u
20( *,19)–19( *,18)–vt=0† 228.07369 122 3.59e-4 41
30( *,27)–29( *,26)–vt=0 354.46196 286 1.29e-3 61
† For details of the * notation please see Ilyushin et al. (2008).
5.5 Abundance ratios
Table 5.13 shows the abundance ratios between acetic acid, glycolaldehyde, and methyl
formate in the HMCs in our sample. For G31 we calculate the ratio between glycolalde-
hyde and acetic acid for lowest and highest column density we derive from the transitions
of glycolaldehyde. Work by Lattelais et al. (2009) and Lattelais et al. (2010) has explored
the relationship between the stability of diﬀerent molecular isomers and their observational
abundance in the interstellar medium. By comparing the column densities for fourteen
sets of isomers, detected in hot cores, molecular clouds, PDRs, and AGBs, they found that
for most sets of isomers, the most stable isomer (i.e. the lowest energy) was the most abun-
dant, and that there was a relationship between the diﬀerencei ne n e r g yo ft w oi s o m e r s
and the diﬀerence in abundance. These two properties are referred to as the minimum
energy principle (MEP). This result suggests that the formation and destruction pathways
for diﬀerent isomers is not the most important factor in determining the abundance ratios
of isomers. They did, however, ﬁnd that acetic acid and its isomers did not follow the
MEP when comparing their results to the observations. Their calculations determined5.5. Abundance ratios 125
Table 5.11: Source name, integrated intensity, main beam temperature, FWHM, and rms
determined from a Gaussian ﬁt of CH3COOH transitions in the HMCs G31, G29, G19,
and G24. All detections are >5σ.
Source Frequency
 
T dv (Err) FWHM (Err) TMB (Err) rms
(GHz) (Kkms−1)( k m s −1)( K ) ( K )
G31 228.07020 3.30 (0.84) 17.27 (0.97) 0.18 (0.03) 0.03
G29 354.46216 3.25 (0.59) 6.90 (0.00) 0.44 (0.08) 0.02
G19 354.46239 7.59 (0.73) 9.00 (0.00) 1.25 (0.20) 0.02
G24 354.46130 6.47 (16.45) 9.53 (0.87) 0.64 (1.56) 0.02
Table 5.12: Column densities derived with the rotation diagram method using transitions
of CH3COOH detected in these observations.
Hot core Column density (cm−2)
300K
G31 1.35 (0.18)×1017
G29 3.02 (0.12)×1017
G19 7.07 (0.09)×1017
G24 6.02 (1.60)×1017
that acetic acid is the most stable of the isomers and glycolaldehyde is the least stable.
Observationally this would translate to acetic acid being the most abundant species and
glycolaldehyde being the least abundant. We ﬁnd in our samplet h a tt h i si st h ec a s ef o r
all hot cores except for G31. The diﬀerence between this ratioi nG 3 1a n dt h eo t h e rc o r e s
would suggest that their is a signiﬁcant physical diﬀerence between G31 and the rest of
the cores in the sample. The same conclusion was drawn from a discussion of the chemical
richness of the hot core sample in Section 2.5 of Chapter 2. However, it was not possible to
determine if the spectral diﬀerence seen is due to the eﬀects of luminosity or age. Lattelais
et al. (2010) suggest that acetic acid and its isomers might not follow MEP because there
may be a stronger adsorption on the grains of acetic acid than of methyl formate, at the
moment of their formation on the grain surfaces. Puletti et al. (2010) have suggested that
one might observe a slow, selective isomerisation with theses p e c i e s ,r e s u l t i n gi nac h a n g e
of abundance ratio toward the most stable isomer, i.e. acetica c i d ,a st h ei n t e r a c t i o nw i t h
the radiation ﬁeld increases. This means that this ratio could be used as an indicator of
age for HMCs. Applying this to the sample of hot cores discussed in this chapter, the ratio
of methyl formate to acetic acid is the smallest in G19, indicating that it is the oldest core,
followed by G29, and G24, and G31 is the youngest core.126 Chapter 5. Acetic acid and its isomers
Table 5.13: Abundance ratios for acetic acid (aa) : glycolaldehyde (gly) : methyl formate
(mf) in the HMCs in our sample.
Hot core Ratio aa:gly:mf
G31 1:0.04–0.6†:3
G29 1:0.04:0.21
G19 1:0.03:0.14
G24 1:0.02:0.30
†As i n g l ec o l u m nd e n s i t yc o u l dn o tb ed e r i v e df o rg l y c o l a l d e h yde in G31, and hence a
range for the ratio of acetic acid to glycolaldehyde is given here.
Comparing the abundance ratios determined in our sample of cores, to those deter-
mined by Hollis et al. (2001) and Requena-Torres et al. (2008)( T a b l e5 . 1 ) ,w eﬁ n dt h a t
the diﬀerence between Galactic Centre clouds and those in ours a m p l ea r ev e r yd i ﬀ e r e n t .
The abundance ratios determined by Requena-Torres et al. (2008), in the Galactic Centre
clouds MC G+0.693–0.03, MC G–0.11–0.08, MC G–0.02–0.07, arev e r ys i m i l a r ,s u g -
gesting similar chemical processes are occurring in the clouds. The abundance ratio in the
LMH Galactic Centre source of acetic acid and methyl formate,i ss i m i l a rt ot h a to ft h e
other Galactic Centre Clouds, however, the acetic acid, glycolaldehyde ratio is signiﬁcantly
diﬀerent, with glycolaldehyde being an order of magnitude less abundant with respect to
to acetic acid, than in the other Galactic Centre clouds. Hollis et al. (2001) suggest that
the conditions of the LMH favour the chemically reactive nature of glycolaldehyde over its
isomers, and the ensuing chemistry leads to glycolaldehyde destruction. The abundance
ratio we have determined in G29, G19, and G24 also show a signiﬁcantly lower abundance
of glycolaldehyde with respect to acetic acid, suggesting that the destruction of glycolalde-
hyde may be favoured in these cores.
5.6 Conclusions
This study highlights the importance that single–dish facilities play in abundance studies
of relatively strong molecules. Detection studies of weak molecules, such as acetic acid,
however, can be very diﬃcult and it is essential that sidebands can be separated, owing to
the very crowded spectra seen in star forming regions, in order to detect a large number
of transitions.5.6. Conclusions 127
Despite this, we have detected acetic acid for the ﬁrst time int h eH M C sG 3 1 ,G 2 9 ,a n d
G24. We have also added to the number of detections in the HMC G19. We do, however,
need to detect more transitions in G31, G29, and G24 to conﬁrm the presence of acetic
acid and improve the estimates of column density in these cores. Ideally these transitions
should be across a wide range of upper energy levels in order toc o m p u t er o t a t i o nt e m -
peratures for the ﬁrst time in these cores.
In this work we detect nine new transitions of methyl formate,i n c l u d i n gf o u re x c i t e d
(vt=1) transitions, and their rotation diagrams indicate that methyl formate may be op-
tically thick or eﬀected by non-LTE conditions. A larger number of transitions need to
be detected, particularly of isotopologues of methyl formate in order to compute optical
depths.
We have also detected four transitions of glycolaldehyde which conﬁrm the presence
of glycolaldehyde in G29, G19 and G24. These detections have allowed us to compute the
rotation temperatures for several of the cores indicating that glycolaldehyde does trace a
hotter component compared to that of methyl formate.
We determine the abundance ratios between acetic acid, glycolaldehyde, and methyl
formate for the ﬁrst time in several HMCs outside the GalacticC e n t r e .T h er a t i oi nG 3 1
supports the conclusion drawn from Chapter 2, that G31 is physical diﬀerent from the
other hot cores, where a very similar ratio is determined. We ﬁnd that these ratios are
signiﬁcantly diﬀerent from those determined in the GalacticC e n t r e ,i n d i c a t i n gs i g n i ﬁ c a n t
physical diﬀerences between these populations. It is unclear whether these diﬀerences rep-
resent a diﬀerence in formation pathways for these isomers int h eG a l a c t i cC e n t r e ,w i t h o u t
comparison with a larger number of star forming regions, bothi na n do u t s i d et h eG a l a c t i c
Centre. We do however postulate that the relative abundanceso ft h e s ei s o m e r sc o u l db e
used as an indicator of age of an HMC, owing to the slow isomerisation towards the most
stable isomer. To explore this concept further, a larger sample of hot cores is needed, with
high spectral and spatial resolution to explore the abundance ratio of a number of isomer
triplets. This would also allow the spatial extent of these molecules to be probed, ensuring
abundances are not aﬀected by beam dilution.128 Chapter 5. Acetic acid and its isomersChapter 6
The Chemical Composition of
IRAS 17233–3606
Orbiting this at a distance of roughly ninety–eight million miles is an utterly insigniﬁcant
little blue–green planet whose ape–descended life forms ares oa m a z i n g l yp r i m i t i v et h a t
they still think Apple Watches are a pretty neat idea.
Douglas Adams
Key to understanding the chemical environments in massive star forming regions, is the
study of their chemistry in a variety of objects, to build up a picture of star formation
across the galaxy. In particular, it is important to ﬁnd chemical tracers of the most com-
pact regions of hot cores, in order to conﬁrm or deny whether accretion disks are required
in order to form massive stars. Current observations have only detected accretion disks
around stars with masses ≤20M⊙ and luminosities ≤104 L⊙ (e.g. Kraus et al. 2010).
With the increasing spatial resolution of current interferometers, commonly used hot core
tracers such as CH3CN, may no longer be the best molecules to use. With these goals
in mind, the prominent far infrared source, IRAS 17233–3606,h a sb e e ns t u d i e d . A l s o
known as G351.78–0.54, this region shows the typical signs ofm a s s i v es t a rf o r m a t i o n ,a n d
has previously been found to have a rich complex chemistry. The region contains two cm
continuum sources, a compact HII region and a weak double UCHII source (Hughes &
129130 Chapter 6. The Chemical Composition of IRAS 17233–3606
MacLeod 1993), found close to the location of H2O, OH and CH3OH masers. Zapata et al.
(2008) found a cluster of four compact radio objects of sizes equal or less than 0.3′′ and
varying (mostly thermal) spectral indices in the region of the double radio source. One of
them is at the centre of a bipolar outﬂow traced by OH masers (Fish et al. 2005). Con-
tinuum observations of 1.2mm dust emission by Fa´ undez et al.( 2 0 0 4 )s u g g e s tam a s so f
200M⊙ and a bolometric luminosity of 2.7×104 L⊙,d e t e r m i n e df r o mt h es p e c t r a le n e r g y
distribution (SED). Distances to the object have been computed by several authors (Mi-
ettinen et al. 2006; Forster & Caswell 1989) and a range of values found, between 700pc
and 2.2kpc. Kinematical distance were constrained to ≤1kpc, whic h is the distance w e
adopt for this work.
Leurini et al. (2008) studied the molecular content of the core associated with the
source using the Atacama Pathﬁnder Experiment (APEX) telescope and mapped the CO
(3–2), and the HCO+ (4–3) emission. They also detected and modelled the CH3OH
(6K –5 K), (7K –6 K)a n dC H 3CN (16K –15 K)t r a n s i t i o n s ,r e v e a l i n gar i c hm o l e c u l a rh o t
core. Modelling of the spectrum suggested a hot core of size 3′′ and excitation temperature
of 150K. They also found evidence of outﬂows in the source, with observations of broad
non–Gaussian proﬁles in CO (3–2), CS, H2CO, SO, SO2,a n dH C O +.I n L e u r i n i e t a l .
(2009) these molecular outﬂows were investigated further with combined observations,
using the submillimeter array (SMA), APEX, and United kingdom Infrared Telescope
(UKIRT), of CO (2–1), CO (6–5) and H2 respectively. They found a clumpy extended
(∼ 50′′)s t r u c t u r ew i t hw e l ls e p a r a t e db l u e –a n dr e d – s h i f t e de m i s s ion, and an overall
structure roughly aligned along the N–S direction and centred on the region where the
H2O, CH3OH, and OH masers are found, where the 1.3 mm emission peaks, and where
four hyper–compact HII regions are located. The outﬂow is associated with extremely high
velocities, up to ∼-200 and +120kms−1 with respect to the ambient LSR velocity. Their
CO(2–1) observations indicated that up to eight outﬂow clumps were present, and that
outﬂow multiplicity was present, as would be expected in a cluster of forming massive
stars. They also determine the kinematic age of the outﬂows tob e1 0 2 –10 3 yr, which
indicates that these are young objects which have not yet reached the main sequence,
and are ideal to study the earliest stages of massive star formation. Leurini et al. (2011)
followed on from this work with a dedicated search for the bestt r a c e r so fr o t a t i o ni nI R A S
17233–3606 with a study using the SMA at 230 GHZ in the upper sideband (USB). They6.1. Observations 131
found linear velocity gradients in many transitions of the same molecular species and in
several molecules. Whilst a rich spectrum was found in these observations much of the
emission seen remained unidentiﬁed in this paper.
In this chapter, we present a reanalysis of these observations, with the aim of identifying
the remaining unidentiﬁed emission found in IRAS 17233–3606a t2 3 0G H za n d2 2 0G H z ,
by Leurini et al. (2009), and Leurini et al. (2011). We presentad i s c u s s i o no ft h el i n e
contamination and confusion problems in the data, as well as as p e c t r a lm o d e lo ft h e
molecular emission. We analyse the column densities and rotation temperatures of the
molecular content of IRAS 17233–3606, and compare the results to the molecular emission
of the other hot cores presented in this thesis, with the aim ofp r o v i d i n gam o r ec o m p l e t e
understanding of the chemistry seen in hot cores, as well as toi d e n t i f yn e wt r a c e r so fh o t ,
dense and compact emission.
6.1 Observations
IRAS 17233–3606 was observed by Leurini et al. (2011) with theS M Ao nt h e1 0 t hA p r i l
2007, using a compact conﬁguration with seven antennas. The frequency range of the ob-
servations is 219.458–221.384 GHz in the LSB and 229.451–231.381 GHz in the USB. The
quasar 3C273 was used as the phase calibrator for the observations (Leurini et al. 2011).
The correlator had a bandwidth of ∼1.9 GHz and the channel spacing was 0.000406 GHz.
As o u r c ev e l o c i t yo f−3.40kms−1 was used for IRAS 17233–3606. The observations were
centred at α2000 =17h26m41s.757, δ2000 = −36◦09
′
0. ′′50. The conversion factor from ﬂux
density to brightness temperature in the synthesized beam is ∼2.25K (Jy/beam)−1 for the
LSB, and ∼2.53K (Jy/beam)−1 in the USB (Leurini et al. 2011). The observations were
performed in good weather conditions, with zenith opacities τ(225 GHz) between 0.1 and
0.14 measured by the National Radio Astronomy Observatory (NRAO) tipping radiome-
ter operated by the Caltech Submillimeter Observatory (CSO). Details of the synthesized
beam, velocity resolution and r.m.s for each sideband can be found in Table 6.1.
6.2 Spectral identiﬁcation
Figures 6.1 and 6.2 show the rich molecular emission seen in both the lower sideband
(LSB) and upper sideband (USB) of these observations, labelled with the molecules that
have already been identiﬁed in IRAS 17266–3606. The LSB is dominated by CH3CN132 Chapter 6. The Chemical Composition of IRAS 17233–3606
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Figure 6.1: Spectra of the lower sideband, labelled with the transitions that have already
been detected in this object.6.2. Spectral identiﬁcation 133
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Figure 6.2: Spectra of the upper sideband, labelled with the transitions that have already
been detected in this object.134 Chapter 6. The Chemical Composition of IRAS 17233–3606
Table 6.1: Details of the synthesized beam, velocity resolution and typical r.m.s for each
sideband of the observations.
HPBW P.A. δvr . m . s
(′′)( ◦)( k m s −1)( J y b e a m −1)
LSB 5. ′′4x1 . ′′9 ∼29 0.5 0.1
USB 4. ′′9x1 . ′′8 ∼29 0.5 0.1
(12K–11K), v=1 and CH3
13CN emission, whilst the USB is dominated by CO emission.
Blending between diﬀerent molecules in the spectra is commona n dt h e r e f o r ei d e n t i f y i n g
all the emission present is a challenge. In some cases line emission overlaps to an extent
where determining a ﬁt for a speciﬁc line is impossible. It is also unclear as to what
extent the molecular emission is aﬀected by the outﬂows in ther e g i o n ,a n dL e u r i n ie ta l .
(2011) already propose that evidence of this is seen in CH3CN in the LSB. In this work
we use a combination of the identiﬁcation criteria discussedi nC h a p t e r2 ,a n ds p e c t r a l
modelling with the CASSIS spectral modelling software (as described in Chapter 3), to
simultaneously ﬁt multiple transitions of several molecules. To start we spectrally modelled
C2H5CN, HNCO, HC3N, HCC13CN, CH3CN, CH3
13CN, 13CH3OH, CH3OH, O13CS, OCS,
CO, 13CO, C18O, H2O, OH, SO, 34SO, 33SO, SO2,C S ,C 34S, H2CS, DCN, HCOOCH3,
CH3CCH, H2CO, and HCO+ emission, as these molecules have already been identiﬁed
in the object. A candidate line list was then determined from the Splatalogue catalogue,
with an upper energy range of 0–1300K, as the highest upper energy level of a transition
previously detected was 1157K for the 12(8, 1, 11)–11(8, 1, 11) transition of CH3CN
v8=1. After this process there remained several emission features which had not been
identiﬁed, suggesting the emission was due to species that are not listed in the JPL,
CDMS or NIST databases, which CASSIS uses in order to model spectra. Species were
then excluded from the candidate line list if spectral modelling predicted transitions at
detectable levels in spectral regions of no emission. Only transitions with a frequency
error of <0.05GHz were considered. Column densities and excitation temperatures were
varied within the spectral model until a best ﬁt was found for all detected species. In
this process LTE was assumed and a source size for all species of 3′′ is assumed as in
Leurini et al. (2008). The LSR used for all species was taken tob et h a to ft h eo b j e c tL S R
(−3.40kms−1). Using the CLASS software from the Gildas software package,aG a u s s i a n
ﬁt was performed to derive the velocity, integrated intensity, brightness temperature, and6.2. Spectral identiﬁcation 135
FWHM for each detected transition. In instances where many transitions were blended
together, spectral modelling was used as a guide to perform a multiple line Gaussian ﬁt
of all of the emission seen. The ﬁtting procedure and error calculations are described in
detail in Sections 2.4.1 and 2.4.2 in Chapter 2.
6.2.1 Deuterated cyanoacetylene (DC3N)
The 26–25 v=0 transition of DC3Ni sd e t e c t e da t2 1 9 . 4 9 0 7 8 G H z( F i g u r e6 . 3 ) . T a b l e
6.2 details the velocity, integrated intensity, temperature brightness, FWHM, and rms
information determined from a Gaussian ﬁt. Table 6.3 shows the transitional information,
including the rest frequency, upper energy level, Einstein Ac o e ﬃ c i e n t ,a n du p p e rs t a t e
degeneracy. This transition is blended with an unidentiﬁed line at 219.49460 GHz but
it does pass the Rayleigh criterion. This species has previously been detected in several
massive star forming regions, e.g. the hot core of the Orion KL( E s p l u g u e se ta l .2 0 1 3 )
and NGC7129 (Fuente et al. 2014). This is however the ﬁrst transition detected in IRAS
17233–3606. No other transitions of DC3Na r ep r e d i c t e di nt h ef r e q u e n c yr a n g eo fo u r
observations. At least two further transitions of this species need to be detected in IRAS
17233–3606 in order to conﬁrm its presence and to accurately determine observational col-
umn densities. Determining the identity of the line blended with DC3Ni sa l s on e e d e dt o
determine the extent of the blending observed. Despite thesec o n c e r n s ,ac o l u m nd e n s i t y
derived from this transition has been determined in Section 6.3 in order to provide quan-
titative comparison of the chemistry observed in diﬀerent massive star forming regions.
Table 6.2: Velocity, integrated intensity, temperature brightness, FWHM, and rms infor-
mation determined from a Gaussian ﬁt for the 26–25 transitiono fD C 3N.
Frequency VLSR Vpeak
 
T dv FWHM TB rms
(GHz) (kms−1)( k m s −1)( K k m s −1)( k m s −1)( K ) ( K )
219.49013 −3.40 −2.96 9.73 (3.52) 4.00 (0.55) 2.29 (0.51) 0.2
Table 6.3: Transitional information, including the quantumn u m b e r ,r e s tf r e q u e n c y ,u p p e r
energy level, Einstein A coeﬃcient, and upper state degeneracy, for the 26–25 transition
of DC3Nd e t e c t e di nt h e s eo b s e r v a t i o n s .
Transition Rest frequency (GHz) Eu (K) A (s−1)g u
26–25 v=0 219.49045 142 0.00084 53136 Chapter 6. The Chemical Composition of IRAS 17233–3606
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Figure 6.3: The solid line shows the ﬁt of the 26–25 transitiono fD C 3N. This transition
is blended with an unidentiﬁed line at 219.49460 GHz represented by the dashed line, but
it does pass the Rayleigh criterion.
6.2.2 Ethyl cyanide (C2H5CN)
Table 6.4: Velocity, integrated intensity, temperature brightness, FWHM, and rms infor-
mation determined from a Gaussian ﬁt for all four transitionso fC 2H5CN.
Frequency VLSR Vpeak
 
T dv FWHM TB rms
(GHz) (kms−1)( k m s −1)( K k m s −1)( k m s −1)( K ) ( K )
219.50560 −3.40 −3.41 386.45 (89.62) 7.95 (0.24) 45.68 (9.21) 0.2
219.90219 −3.40 −3.00 63.71 (15.44) 4.84 (0.20) 12.37 (2.49) 0.2
220.66187 −3.40 −4.69 405.49 (93.42) 8.66 (0.25) 43.97 (8.86) 0.2
231.31076 −3.40 −3.84 372.15 (80.39) 9.06 (0.14) 38.60 (7.74) 0.3
In these observations four transitions of C2H5CN are detected (Figure 6.4). The
24(2,22) –23(2,21) and 25(2,24)–24(2,23) transitions haveb e e nd e t e c t e dp r e v i o u s l yb y
Leurini et al. (2011) and here we present new detections of the1 2 ( 3 , 1 0 ) – 1 1 ( 2 , 9 )a n d
26(1,25) –25(1,24) transitions. Table 6.4 details the velocity, integrated intensity, temper-
ature brightness, FWHM, and rms information determined fromaG a u s s i a nﬁ t . T a b l e
6.5 shows the transitional information, including the rest frequency, upper energy level,
Einstein A coeﬃcient, and upper state degeneracy. The 12(3,10)–11(2,9) transition is
blended with the 3(1, 2)–2(1, 1) transition of H2
13CO.6.2. Spectral identiﬁcation 137
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Figure 6.4: The spectra of four transitions of C2H5CN which are detected in the observa-
tions presented in this chapter. The solid lines are the ﬁts tot h et r a n s i t i o n so fC 2H5CN,
and the dashed line is the ﬁt to the 3(1, 2)–2(1, 1) transition of H2
13CO.
6.2.3 Isocyanic acid (HNCO)
The 10(3, 8, 11)–9(3, 7, 10) and 10(0, 10, 10)–9(0, 9, 10) transitions of HNCO were
detected and their moment maps determined in IRAS 17233–3606b yL e u r i n ie ta l .( 2 0 1 1 ) .
Here we present the detection of a further four transitions ofH N C O( F i g u r e6 . 5 )w i t h
Gaussian ﬁt and transitional information in Tables 6.6 and 6.7. The 10(4, 6, 9)–9(4, 5, 8)
transition is blended with at least two unidentiﬁed lines at 219.543GHz and 219.550GHz,
which do pass the Rayleigh criterion. The 10(3, 8, 11)–9(3, 7,1 0 )t r a n s i t i o ni ss e v e r e l y
blended with an unidentiﬁed transition, and this blend does not pass the Rayleigh criterion.
We ﬁt two Gaussians to this blend of diﬀerent FWHMs in order to determine the
 
Tdv,
and TB of the 10(3, 8, 11)–9(3, 7, 10) transition. As the transition is blended with an
unknown transition which may trace a diﬀerent gas temperature, the diﬀerence in FWHM
is reasonable. Due to the severity of this blend, however, we omit this transition from
column density calculations in Section 6.3. We also omit the 10(2, 9, 10)–9(2, 8, 10) and138 Chapter 6. The Chemical Composition of IRAS 17233–3606
Table 6.5: Transitional information, including the quantumn u m b e r s ,r e s tf r e q u e n c i e s ,
upper energy levels, Einstein A coeﬃcients, and upper state degeneracies, for the four
transitions of C2H5CN detected in these observations.
Transition Rest frequency (GHz) Eu (K) A (s−1)g u
24(2,22)–23(2,21) 219.50559 136 8.87e−44 9
12(3,10)–11(2,9) 219.90250 44 3.04e−52 5
25(2,24)–24(2,23) 220.66092 143 9.01e−45 1
26(1,25)–25(1,24) 231.31042 153 1.04e−35 3
Table 6.6: Velocity, integrated intensity, temperature brightness, FWHM, and rms infor-
mation determined from a Gaussian ﬁt for all six transitions of HNCO.
Frequency VLSR Vpeak
 
T dv FWHM TB rms
(GHz) (kms−1)( k m s −1)( K k m s −1)( k m s −1)( K ) ( K )
219.54697 −3.40 −3.23 15.43 (4.29) 3.84 (0.29) 3.77 (0.77) 0.2
219.65696 −3.40 −2.65 44.05 (11.71) 5.54 (0.33) 7.47 (1.54) 0.2
219.73487 −3.40 −4.00 91.29 (32.44) 5.65 (0.31) 15.19 (4.56) 0.2
219.73714 −3.40 −4.22 100.73 (27.09) 5.00 (0.00) 18.93 (5.09) 0.2
219.79831 −3.40 −2.41 302.95 (67.57) 8.49 (0.19) 33.52 (6.73) 0.2
220.58501 −3.40 −2.79 479.71 (108.04) 9.04 (0.22) 49.83 (10.01) 0.2
10(2, 8, 9)–9(2, 7, 9) transitions as they are heavily blendedw i t hs e v e r a lt r a n s i t i o n so f
C2H3CN.
Table 6.7: Transitional information, including the quantumn u m b e r s ,r e s tf r e q u e n c i e s ,
upper energy levels, Einstein A coeﬃcients, and upper state degeneracies, for the six
transitions of HNCO detected in these observations.
Transition Rest frequency (GHz) Eu (K) A (s−1)g u
10(4, 6, 9)–9(4, 5, 8) 219.54709 750 1.25e−41 9
10(3, 8, 11)–9(3, 7, 10) 219.65671 447 1.37e−42 3
10(2, 9, 10)–9(2, 8, 10) 219.73443 231 1.45e−62 1
10(2, 8, 9)–9(2, 7, 9) 219.73654 231 1.60e−61 9
10(0, 10, 10)–9(0, 9, 10) 219.79903 58 1.51e−62 1
10(1, 9, 10)–9(1, 8,10) 220.58546 102 1.51e−62 16.2. Spectral identiﬁcation 139
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Figure 6.5: The spectra of six transitions of HNCO which are detected in the observations
presented in this chapter. The solid lines are the ﬁts to the HNCO lines and the dashed
lines are the ﬁts to the molecules HNCO is blended with.140 Chapter 6. The Chemical Composition of IRAS 17233–3606
6.2.4 Formaldehyde (H2
13CO)
The 3(1, 2)–2(1, 1) transition of H2
13CO is detected at 219.90796 GHz (Figure 6.6) but
is partially blended with the 12(3,10)–11(2,9) transition of C2H5CN at 219.90250 GHz.
These transitions do pass the Rayleigh criterion, however, the proﬁle of the of H2
13CO
is non-Gaussian suggesting it may be contaminated with another molecule. Despite this,
Gaussian ﬁt and transitional information can be found in Tables 6.8 and 6.9. Further
transitions of H2
13CO are required to conﬁrm its presence in IRAS 17233–3606 and derive
accurate column densities; however, values are calculated from this single transition in
Section 6.3.
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Figure 6.6: The spectra of the 3(1, 2)–2(1, 1) transition of H2
13CO. A Gaussian ﬁt is
represented by the solid line and the dashed line represents the ﬁt of the unidentiﬁed
transition it is blended with.
Table 6.8: Velocity, integrated intensity, temperature brightness, FWHM, and rms in-
formation determined from a Gaussian ﬁt for the 3(1, 2)–2(1, 1) transition of H2
13CO.
Frequency VLSR Vpeak
 
T dv FWHM TB rms
(GHz) (kms−1)( k m s −1)( K k m s −1)( k m s −1)( K ) ( K )
219.90796 −3.40 −2.62 196.93 (46.08) 6.23 (0.21) 29.69 (5.95) 0.2
6.2.5 Cyanoacetylene (HC3N)
The 24(0)–23(0) v7=2 and 24(−2)–23(2) v7=2 transitions of HC3Nw e r ed e t e c t e da n d
analysed in Leurini et al. (2011). We report the Gaussian ﬁt and transitional information6.2. Spectral identiﬁcation 141
Table 6.9: Transitional information, including the quantumn u m b e r ,r e s tf r e q u e n c y ,u p p e r
energy level, Einstein A coeﬃcient, and upper state degeneracy, for the 3(1, 2)–2(1, 1)
transition of H2
13CO detected in these observations.
Transition Rest frequency (GHz) Eu (K) A (s−1)g u
3(1, 2)–2(1, 1) 219.90853 33 0.00026 21
in Tables 6.10 and 6.11 for these transitions, as well as the 24(2)–23(−2) v7=2 transition
identiﬁed in this work. The 24(2)–23(−2) v7=2 transition is heavily blended with tran-
sitions of HNCO and C2H3CN, and therefore the parameters derived from a Gaussian ﬁt
of the transition may not be accurate. For this reason this transition is excluded from the
column density calculations in Section 6.3.
Table 6.10: Velocity, integrated intensity, temperature brightness, FWHM, and rms infor-
mation determined from a Gaussian ﬁt for all three transitions of HC3N.
Frequency VLSR Vpeak
 
T dv FWHM TB rms
(GHz) (kms−1)( k m s −1)( K k m s −1)( k m s −1)( K ) ( K )
219.67579 −3.40 −4.33 177.70 (44.40) 7.39 (0.34) 22.58 (4.61) 0.2
219.70726 −3.40 −3.26 161.45 (39.21) 8.28 (0.28) 18.33 (3.83) 0.2
219.74179 −3.40 −3.29 218.75 (67.55) 8.11 (0.55) 25.35 (6.11) 0.2
Table 6.11: Transitional information, including the quantum numbers, rest frequencies,
upper energy levels, Einstein A coeﬃcients, and upper state degeneracies, for the three
transitions of HC3Nd e t e c t e di nt h e s eo b s e r v a t i o n s .
Transition Rest frequency (GHz) Eu (K) A (s−1)g u
24(0)–23(0) v7=2 219.67511 773 0.00083 49
24(−2)–23(2) v7=2 219.70735 777 0.00083 49
24(2)–23(−2) v7=2 219.74187 777 0.00083 49142 Chapter 6. The Chemical Composition of IRAS 17233–3606
6.2.6 Methyl Formate (HCOOCH3)
Methyl formate has been detected and analysed previously in IRAS 17233–3606 by Leurini
et al. (2008). In these observations an additional eight transitions of v=0 methyl formate
and seven transitions of v=1 methyl formate are detected (Figure 6.7). Parameters de-
rived from a Gaussian ﬁt of each transition can be found in Table 6.12 and transitional
information can be found in Table 6.13. The emission of seven transitions is uncontami-
nated by the emission from other molecules; the remaining transitions are blended. The
17(4, 13, 0)–16(4, 12, 0) transition is blended with an unidentiﬁed line at 220.194 GHz
but they do pass the Rayleigh criterion. The 18(10, 9, 3)–17(10, 8, 3) v=1 transition is
blended with an unidentiﬁed line at 219.827GHz, however, they do not pass the Rayleigh
criterion. The 18(8, 10, 5)–17(8, 9, 5) v=1 transition is partially blended with an uniden-
tiﬁed line at 220.254GHz, but they do pass the Rayleigh criterion. The 18(7, 12, 3)–17(7,
11, 3) transition is blended with an unidentiﬁed line at 220.910GHz, which do pass the
Rayleigh criterion. In order to determine a realistic ﬁt for the 18(7, 12, 3)–17(7, 11, 3)
transition, the FWHM and centre were ﬁxed. The 18(16, 2, 0)–17(16, 1, 0) v=0 transition
is blended with an unidentiﬁed line at 220.930GHz. The 18(14,4 ,0 ) – 1 7 ( 1 4 ,3 ,0 )v = 0
is signiﬁcantly blended with an unidentiﬁed line at 220.050GHz and is therefore excluded
from the rotation diagram analysis in Section 6.3. The 18(14,5 ,1 ) – 1 7 ( 1 4 ,4 ,1 )v = 0
transition is heavily blended with several unidentiﬁed lines, and in order to generate a
realistic ﬁt for this transition, the centre and FWHM had to beﬁ x e d .D u et ot h i ss e v e r e
blending this transition is also excluded from the rotation diagram analysis. The 18(8, 10,
5)–17(8, 9, 5) v=1 transition suﬀers from some blending, however, a good ﬁt was achieved
by ﬁxing the centre and FWHM, as well as ﬁxing the FWHM of the other molecules it
is blended with. The 18(8, 11, 4)–17(8, 10, 4) v=1 transition is blended as part of a
large mixture of emission from 221.109GHz–221.150GHz. Thisr e g i o no fe m i s s i o ni sa
combination of C2H3CN, HCOOCH3,a n dC H 3CN emission as well as some unidentiﬁed
features. Considering the weakness (1.61K) of the HCOOCH3 component compared to
the other molecules, an accurate Gaussian ﬁt has been diﬃcult, but can be found in Fig-
ure 6.7. We do, however, exclude this transition from the rotational diagram analysis (see
Section 6.3). The diﬀerences between the rest frequencies and the observational frequency
of each of these transitions is within the observational frequency error.6.2. Spectral identiﬁcation 143
Table 6.12: Velocity, integrated intensity, temperature brightness, FWHM, and rms infor-
mation determined from a Gaussian ﬁt for all ﬁfteen transitions of HCOOCH3.
Frequency VLSR Vpeak
 
T dv FWHM TB rms
(GHz) (kms−1)( k m s −1)( K k m s −1)( k m s −1)( K ) ( K )
219.76407 −3.40 −3.60 16.15 (3.78) 3.26 (0.10) 4.66 (0.94) 0.2
219.82216 −3.40 −3.43 7.11 (2.49) 2.58 (0.31) 2.59 (0.60) 0.2
220.03065 −3.40 −3.80 16.61 (4.54) 5.07 (0.32) 3.08 (0.65) 0.2
220.16705 −3.40 −3.62 73.47 (15.58) 5.00 (0.00) 13.80 (2.93) 0.2
220.19026 −3.40 −3.37 57.29 (18.36) 4.30 (0.50) 12.53 (2.55) 0.2
220.25829 −3.40 −3.66 22.88 (4.64) 4.00 (0.00) 5.37 (1.09) 0.2
220.30801 −3.40 −4.30 3.58 (1.64) 2.90 (0.55) 1.16 (0.31) 0.2
220.91372 −3.40 −3.08 24.78 (5.33) 4.25 (0.00) 5.48 (1.18) 0.2
220.92682 −3.40 −4.02 10.81 (3.40) 3.15 (0.22) 3.23 (0.79) 0.2
220.94685 −3.40 −4.10 12.67 (3.57) 4.81 (0.34) 2.47 (0.52) 0.2
221.04829 −3.40 −4.07 15.01 (4.33) 3.68 (0.26) 3.83 (0.84) 0.2
221.06753 −3.40 −4.21 11.81 (0.97) 5.00 (0.00) 2.21 (0.59) 0.2
221.11063 −3.40 −3.35 3.06 (8.01) 3.00 (0.00) 0.96 (2.51) 0.2
221.15841 −3.40 −3.20 26.06 (6.30) 5.19 (0.20) 4.71 (0.96) 0.2
231.01905 −3.40 −3.46 3.12 (1.42) 2.85 (0.44) 1.03 (0.27) 0.3
Table 6.13: Transitional information, including the quantum numbers, rest frequencies,
upper energy levels, Einstein A coeﬃcients, and upper state degeneracies, for all ﬁfteen
transition of HCOOCH3 detected in these observations.
Transition Rest frequency (GHz) Eu (K) A (s−1)g u
18(9, 9, 5)–17(9, 8, 5) v=1 219.76395 342 1.20e−47 4
18(10, 9, 3)–17(10, 8, 3) v=1 219.82213 355 1.11e−47 4
18(9, 10, 3)–17(9, 9, 3) v=1 220.03034 342 1.20e−47 4
17(4, 13, 2)–16(4, 12, 2) v=0 220.16689 103 1.52e−47 0
17(4, 13, 0)–16(4, 12, 0) v=0 220.19028 103 1.52e−47 0
18(8, 10, 5)–17(8, 9, 5) v=1 220.25810 331 1.29e−47 4
18(10, 9, 4)–17(10, 8, 4) v=1 220.30738 354 1.12e−47 4
18(7, 12, 3)–17(7, 11, 3) v=1 220.91396 321 1.38e−47 4
18(16, 2, 0)–17(16, 1, 0) v=0 220.92636 271 3.42e−57 4
18(7, 11, 3)–17(7, 10, 3) v=0 220.94635 321 1.38e−47 4
18(14, 4, 0)–17(14, 3, 0) v=0 221.04779 231 6.40e−57 4
18(14, 5, 1)–17(14, 4, 1) v=0 221.06693 231 6.45e−57 4
18(8, 11, 4)–17(8, 10, 4) v=1 221.11067 330 1.31e−47 4
18(13, 6, 1)–17(13, 5, 1) v=0 221.15854 213 7.82e−57 4
12(4, 9, 1)–11(3, 8, 2) v=0 231.01900 57 1.03e−55 0144 Chapter 6. The Chemical Composition of IRAS 17233–3606
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Figure 6.7: The spectra of three transitions of HC3Nw h i c ha r ed e t e c t e di nt h e s eo b s e r -
vations. The Gaussian ﬁt of the HC3Ne m i s s i o ni sr e p r e s e n t e db yt h es o l i dl i n e s ,a n dt h e
dashed lines represent the ﬁt of the molecular transitions that HC3Ni sb l e n d e dw i t h .6.2. Spectral identiﬁcation 145
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Figure 6.7: Spectra of the ﬁfteen transitions of HCOOCH3 detected in these observations.
The Gaussian ﬁts to transitions of HCOOCH3 are represented by the solid lines, and the
dashed lines represent the ﬁt of the molecular transitions that HCOOCH3 is blended with.6.2. Spectral identiﬁcation 147
6.2.7 Acetone (CH3COCH3)
In these observations we detect seven transitions of acetonef o rt h eﬁ r s tt i m ei nI R A S
17233–3606 (Figure 6.8). Parameters derived from a Gaussianﬁ to fe a c ht r a n s i t i o nc a n
be found in Table 6.14 and transitional information can be found in Table 6.15. The 22(1,
22)–21(1, 21)AE v=0, 22(0, 22)–21(1, 21)EE v=0 and 22(1, 22)–21(1,21)AAv=0tran-
sitions are blended with each other. In order to generate a realistic ﬁt for these transitions
the centre and FWHM was ﬁxed. This produced a reasonable ﬁt to these transitions,
however, it is diﬃcult to rule out contamination from unidentiﬁed transitions within this
blend. The 22(0, 22)–21(1, 21)EE v=0 and 22(1, 22)–21(1, 21)AA v=0 transitions do
not pass the Rayleigh criterion. The 46(20, 26)–46(19, 27)EEv = 0t r a n s i t i o ni sb l e n d e d
with unknown emission at 220.470GHz. Due the severe blendings e e nw i t ht h i st r a n s i t i o n
it was necessary to ﬁx the centre and the FWHM in order to produce a realistic ﬁt. The
16(8, 8)–15(9, 7)EE v=0 transition is slightly blended with an unidentiﬁed transition at
230.286GHz. The 27(1, 26)–27(1, 27)EE v=0 transition is blended with an unidenti-
ﬁed line at 230.413GHz, and in order to generate a realistic ﬁtt h ec e n t r ea n dF W H M
parameters were ﬁxed.
Table 6.14: Velocity, integrated intensity, temperature brightness, FWHM, and rms infor-
mation determined from a Gaussian ﬁt for all seven transitions of CH3COCH3.
Frequency VLSR Vpeak
 
T dv FWHM TB rms
(GHz) (kms−1)( k m s −1)( K k m s −1)( k m s −1)( K ) ( K )
220.35544 −3.40 −3.48 38.19 (8.92) 4.50 (0.00) 7.97 (1.86) 0.2
220.36236 −3.40 −3.97 53.19 (11.80) 5.00 (0.00) 9.99 (2.22) 0.2
220.36851 −3.40 −3.66 70.60 (19.67) 8.27 (0.38) 8.00 (1.87) 0.2
220.46697 −3.40 −4.61 13.58 (12.60) 4.32 (0.00) 2.95 (1.44) 0.2
220.76240 −3.40 −1.70 60.66 (28.96) 6.88 (0.50) 8.28 (3.35) 0.2
220.96234 −3.40 −2.40 50.38 (11.72) 7.76 (0.22) 6.10 (1.25) 0.2
230.41116 −3.40 −2.30 0.76 (0.40) 1.50 (0.00) 0.48 (0.25) 0.3
6.2.8 Methyl Isocyniade (CH3NC)
Five transitions of methyl isoyanide are detected in these observations (Figure 6.9). The
221.012GHz transition suﬀers from minimal blending, however, the line proﬁle is poorly
represented by a Gaussian, and hence required the FWHM and centre to be ﬁxed in order
to generate a realistic ﬁt. The transition at 221.093 GHz doesn o ts u ﬀ e rf r o ms i g n i ﬁ c a n t148 Chapter 6. The Chemical Composition of IRAS 17233–3606
Table 6.15: Transitional information, including the quantum numbers, rest frequencies,
upper energy levels, Einstein A coeﬃcients, and upper state degeneracies, for all seven
transition of CH3COCH3 detected in these observations.
Transition Rest frequency (GHz) Eu (K) A (s−1)g u
22(1, 22)–21(1, 21)AE v=0 220.35538 124 5.08e−49 0
22(0, 22)–21(1, 21)EE v=0 220.36188 124 4.17e−32 0
22(1, 22)–21(1, 21)AA v=0 220.36832 124 5.08e−47 0
46(20, 26)–46(19, 27)EE v=0 220.46608 816 3.63e−39 9
11(11, 0)–10(10, 0)EE v=0 220763.62 63 2.54e−36 8
11(11, 0)–10(10, 1)AA v=0 220.96310 63 4.72e−43 0
27(1, 26)–27(1, 27)EE v=0 230.41201 195 1.20e−58 0
blending. The transitions at 221.118GHz, 221.133GHz, and 221.139GHz are part of a
large region of blended emission. The blending is very servere for the 221.118GHz and
221.139 GHz transitions, and are therefore excluded from ther o t a t i o nd i a g r a ma n a l y s i s
below. Parameters derived from a Gaussian ﬁt and transitional information can be found
in Tables 6.16 and 6.17. This is the ﬁrst detection of this molecule in IRAS 17233–3606.
Table 6.16: Velocity, integrated intensity, temperature brightness, FWHM, and rms infor-
mation determined from a Gaussian ﬁt of ﬁve transitions of CH3NC.
Frequency VLSR Vpeak
 
T dv FWHM TB rms
(GHz) (kms−1)( k m s −1)( K k m s −1)( k m s −1)( K ) ( K )
221.01297 −3.40 −2.88 4.50 (3.63) 2.42 (0.92) 1.75 (0.74) 0.2
221.09291 −3.40 −2.84 43.48 (10.70) 6.38 (0.23) 6.40 (1.35) 0.2
221.11826 −3.40 −3.33 25.61 (15.44) 5.00 (0.00) 4.81 (2.68) 0.2
221.13292 −3.40 −2.88 56.50 (19.57) 5.00 (0.00) 10.62 (3.68) 0.2
221.13908 −3.40 −4.46 36.03 (17.53) 5.00 (0.00) 6.77 (3.29) 0.2
Table 6.17: Transitional information, including the quantum numbers, rest frequencies,
upper energy levels, Einstein A coeﬃcients, and upper state degeneracies, for transitions
of CH3NC.
Transition Rest frequency (GHz) Eu (K) A (s−1)g u
11(5)–10(5) 221.01338 240 7.2e−44 6
11(3)–10(3) 221.09332 127 8.4e−49 2
11(2)–10(2) 221.11831 92 8.8e−44 6
11(1)–10(1) 221.13330 71 9.0e−44 6
11(0)–10(0) 221.13829 64 9.1e−44 66.2. Spectral identiﬁcation 149
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Figure 6.8: Spectra of the seven transitions of CH3COCH3 detected in these observations.
The Gaussian ﬁts to transitions of CH3COCH3 are represented by the solid lines, and
the dashed lines represent the ﬁt of the molecular transitions that CH3COCH3 is blended
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Figure 6.9: Spectra of the ﬁve detected transitions of CH3NC detected in these observa-
tions. The Gaussian ﬁts to transitions of CH3NC are represented by the solid lines, and
the dashed lines represent the ﬁts to the molecular transitions that CH3NC is blended
with.6.2. Spectral identiﬁcation 151
Table 6.18: Velocity, integrated intensity, temperature brightness, FWHM, and rms infor-
mation determined from a Gaussian ﬁt of transitions of CH3OH.
Frequency VLSR Vpeak
 
T dv FWHM TB rms
(GHz) (kms−1)( k m s −1)( K k m s −1)( k m s −1)( K ) ( K )
220.07908 −3.40 −4.20 261.23 (59.59) 6.82 (0.19) 35.98 (7.21) 0.2
229.58939 −3.40 −3.80 172.72 (37.06) 7.81 (0.11) 20.78 (4.17) 0.3
229.75862 −3.40 −3.20 488.26 (105.87) 7.99 (0.13) 57.43 (11.51) 0.3
229.93935 −3.40 −3.60 33.18 (9.04) 7.06 (0.45) 4.42 (0.92) 0.3
230.02731 −3.40 −3.70 138.19 (33.65) 8.90 (0.36) 14.58 (2.96) 0.3
230.29318 −3.40 −4.00 6.53 (3.83) 5.87 (2.04) 1.04 (0.25) 0.3
230.36788 −3.40 −2.98 19.90 (6.16) 5.11 (0.50) 3.66 (0.77) 0.3
231.28136 −3.40 −3.70 179.23 (39.98) 7.69 (0.17) 21.90 (4.40) 0.3
6.2.9 Methanol (CH3OH)
The 8(0, 8)–7(1, 6), 8(−1, 8)–7(0, 7) and 10(2, 9)–9(3, 6) transitions have been detected
and analysed previously by Leurini et al. (2011). Here we present the identiﬁcation and
analysis of a further six transitions of CH3OH and one transition of 13CH3OH (Figures
6.10 and 6.11). Parameters derived from a Gaussian ﬁt and transitional information for
each transition can be found in Tables 6.18, 6.20, 6.19 and 6.21. The 3(−2, 2)–4(−1,
4) transition exhibits a degree of self-absorption most likely due to contamination from
the outﬂows in the region, and is therefore excluded from the rotation diagram analysis
below. The 22(4, 18)–21(5, 17) transition is within a region where there are at least ﬁve
transitions blended with each other. This means a reasonableﬁ tw a so n l yp o s s i b l eb y
ﬁxing the centre and FWHM of the CH3OH transition as well as those of the molecules
that this transition is blended with. The 8(−1, 8, 0)–7(0, 7, 0) vt=0,1 transition of
13CH3OH also required the centre and FWHM to be ﬁxed in order to achieve a good ﬁt.
Table 6.19: Transitional information, including the quantum numbers, rest frequencies,
upper energy levels, Einstein A coeﬃcients, and upper state degeneracies, for all seven
transition of CH3OH detected in these observations.
Transition Rest frequency (GHz) Eu (K) A (s−1)g u
8(0, 8)–7(1, 6) 220.07849 97 2.52e−51 7
15(4, 11)–16(3, 13) 229.58907 374 2.08e−53 1
8(−1, 8)–7(0, 7) 229.75876 89 4.19e−51 7
19(5, 15)–20(4, 16) 229.93918 579 2.07e−53 9
3(−2, 2)–4(−1, 4) 230.02706 40 1.49e−57
22(4, 18)–21(5, 17) 230.36820 683 2.08e−54 5
10(2, 9)–9(3, 6) 231.28110 165 1.84e−52 1152 Chapter 6. The Chemical Composition of IRAS 17233–3606
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Figure 6.10: Spectra of the seven detected transitions of CH3OH represented by the solid
lines. The dashed lines represent the ﬁts to the molecular transitions that CH3OH is
blended with.6.2. Spectral identiﬁcation 153
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Figure 6.11: Spectra of the 13CH3OH transition detected in these observations. The solid
line represents the ﬁt to 13CH3OH and the dashed lines represent the ﬁts for the molecular
transitions 13CH3OH is blended with.
Table 6.20: Velocity, integrated intensity, temperature brightness, FWHM, and rms infor-
mation determined from a Gaussian ﬁt for transitions of 13CH3OH.
Frequency VLSR Vpeak
 
T dv FWHM TB rms
(GHz) (kms−1)( k m s −1)( K k m s −1)( k m s −1)( K ) ( K )
221.28577 −3.40 −4.12 (0.38) 81.05 (25.69) 9.13 (0.87) 8.34 (1.85) 0.2
6.2.10 Vinyl cyanide (C2H3CN)
In these observations we detect fourteen transitions of C2H3CN and one transition of
C2H3
13CN in IRAS 17233–3606. Parameters derived from a Gaussian ﬁt and transitional
information for each transition can be found in Tables 6.22, 6.24, 6.23 and 6.25. Figures
6.12, and 6.13 show the ﬁts overlaid on the spectra. Many of thet r a n s i t i o n sa r es e v e r l y
blended with other molecular transitions within the spectrat h a tr e m a i nu n i d e n t i ﬁ e d .
Where possible a Gaussian ﬁt has been derived by allowing CLASS to vary the Tpeak,
Table 6.21: Transitional information, including the quantum numbers, rest frequencies,
upper energy levels, Einstein A coeﬃcients, and upper state degeneracies, for the 8(-1, 8,
0)–7(0, 7, 0) transition of 13CH3OH detected in these observations.
Transition Rest frequency (GHz) Eu (K) A (s−1)g u
8(−1, 8, 0)–7(0, 7, 0) vt=0,1 221.28524 87 3.72e−51 7154 Chapter 6. The Chemical Composition of IRAS 17233–3606
centre and FWHM until a reasonable ﬁt is generated. In some cases it was necessary to ﬁx
the centre and the FWHM and vary the parameters manually untilag o o dﬁ tw a sf o u n d .
For the transitions at 230.106, 230.808, 230.841, 230.951, 231.101, and 231.145GHz, a
realistic ﬁt could not be generated due to severe blending. These transitions are excluded
from further anlysis. The 23(1, 22, 0, 23)–22(1, 21, 0, 22) v11=0 transition is partially
blended with CH3NC emission and in order to achieve a good ﬁt the FWHM and centre
were ﬁxed. The 25(0, 25, 0, 25) – 24(0, 24, 0, 24) v11=0 transition is blended with an
unidentiﬁed line at 230.743GHz, but a ﬁt was achieved by allowing CLASS to vary all
parameters. This ﬁt is therefore more reliable and has more realistic errors associated with
it. The 25(0, 25, 2, 25)–24(0, 24, 2, 24) v15=1 transition is blended with an unidentiﬁed
transition at 231.233GHz, and the FWHM and centre had to be ﬁxed in order to achieve
ag o o dﬁ t .
Table 6.22: Velocity, integrated intensity, temperature brightness, FWHM, and rms infor-
mation determined from a Gaussian ﬁt of C2H3CN transitions.
Frequency VLSR Vpeak
 
T dv FWHM TB rms
(GHz) (kms−1)( k m s −1)( K k m s −1)( k m s −1)( K ) ( K )
220.13802 −3.40 −3.50 31.83 (8.44) 5.49 (0.32) 5.45 (1.13) 0.2
220.56116 −3.40 −3.07 195.80 (50.92) 6.03 (0.35) 30.50 (6.16) 0.2
221.00524 −3.40 −3.43 42.04 (11.66) 4.39 (0.28) 9.02 (1.92) 0.2
221.12367 −3.40 −3.14 208.67 (60.68) 7.98 (0.53) 24.56 (5.51) 0.2
229.64734 −3.40 −2.70 182.86 (41.64) 7.25 (0.19) 23.71 (4.77) 0.3
230.10506 −3.40 −1.70 33.84 (8.81) 5.26 (0.30) 6.04 (1.23) 0.3
230.48697 −3.40 −2.10 183.08 (43.18) 7.44 (0.26) 23.11 (4.68) 0.3
230.73745 −3.40 −1.96 145.06 (33.46) 5.46 (0.16) 24.97 (5.03) 0.3
231.14456 −3.40 −1.90 35.41 (10.09) 6.66 (0.49) 5.00 (1.05) 0.3
231.23591 −3.40 −4.15 13.18 (3.46) 3.60 (0.00) 3.44 (0.90) 0.36.2. Spectral identiﬁcation 155
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Figure 6.12: Spectra of the eight transitions of C2H3CN that a realistic Gaussian ﬁt could
be derived for. The solid lines represent the ﬁts to the transitions of C2H3CN and the
dashed lines represent ﬁts to blended emission from other molecules.156 Chapter 6. The Chemical Composition of IRAS 17233–3606
Table 6.23: Transitional information, including the quantum numbers, rest frequencies,
upper energy levels, Einstein A coeﬃcients, and upper state degeneracies, for all transitions
of C2H3CN detected in these observations.
Transition Rest frequency (GHz) Eu (K) A (s−1)g u
23 (3, 20, 1, 24)–22 (3, 19, 1, 23) v11=1 220.13795 490 8.69e−41 4 1
24 (1, 24, 0, 25)–23 (1, 23, 0, 24) v11=0 220.56140 135 8.88e−41 4 7
24 (1, 24, 1, 25)–23 (1, 23, 1, 24) v11=0 221.00522 479 8.83e−41 4 7
23 (1, 22, 0, 23)–22 (1, 21, 0, 22) v11=0 221.12386 130 8.82e−41 4 1
25 (1, 25, 0, 26)–24 (1, 24, 0, 25) v11=0 229.64784 146 9.92e−41 5 3
36 (3, 34, 0, 36)–37 (0, 37, 0, 37) v11=1 230.10638 323 4.12e−72 1 9
24 (1, 23, 0, 24)–23 (1, 22, 0, 24) v11=0 230.48794 141 1.00e−31 4 7
25 (0, 25, 0, 25)–24 (0, 24, 0, 24) v11=0 230.73856 146 1.01e−31 5 3
24 (1, 24, 0, 24)–23 (0, 23, 0, 23) v11=0 230.80837 135 4.19e−51 4 7
24 (1, 23, 2, 24)–23 (1, 22, 2, 23) v15=1 230.84143 631 1.00e−31 4 7
19 (3, 17, 0, 18)–19 (2, 18, 0, 18) v11=0 230.95145 106 2.90e−51 1 7
24 (1, 23, 1, 25)–23 (1, 22, 1, 24) v11=1 231.10116 486 1.01e−31 4 7
25 (0, 25, 1, 25)–24 (0, 24, 1, 24) v11=1 231.14571 490 1.01e−31 5 3
25 (0, 25, 2, 25)–24 (0, 24, 2, 24) v15=1 231.23533 635 1.01e−31 5 3
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Figure 6.13: Spectra of the 23(1, 22)–22(1, 21) transition ofC 2H3
13CN. The solid line
represents the ﬁt to the transition of C2H3
13CN and the dashed line represents the ﬁt for
the unidentiﬁed blended transition.
6.3 Column densities and rotation temperatures
In this section we use the rotation diagram method as detailedi nC h a p t e r3 ,t od e t e r m i n e
the column densities and rotation temperatures of the molecular emission identiﬁed in
these observations. For molecules where only one transitioni si d e n t i ﬁ e d ,w ec o m p u t ea6.3. Column densities and rotation temperatures 157
Table 6.24: Velocity, integrated intensity, temperature brightness, FWHM, and rms infor-
mation determined from a Gaussian ﬁt of the 23(1, 22)–22(1, 21) transition of C2H3
13CN.
Frequency VLSR Vpeak
 
T dv FWHM TB rms
(GHz) (kms−1)( k m s −1)( K k m s −1)( k m s −1)( K ) ( K )
220.15243 −3.40 −3.65 16.96 (1.24) 6.46 (0.60) 2.47 (0.31) 0.2
Table 6.25: Transitional information, including the quantum number, rest frequency, upper
energy level, Einstein A coeﬃcient, and upper state degeneracy, for the 23(1, 22)–22(1,
21) transition of C2H3
13CN detected in these observations.
Transition Rest frequency (GHz) Eu (K) A (s−1)g u
23(1, 22)–22(1, 21) 220.15252 130 8.82e−44 7
column density from a single transition at 300K. Table 6.26 contains the column densities
for DC3N, C2H5CN, HNCO, H2
13CO, HC3N, HCOOCH3,C H 3COCH3,C H 3NC, CH3OH,
and C2H3CN assuming LTE and optically thin emission. Figures 6.14–6.20 show the ro-
tation diagrams for C2H5CN, HNCO, HCOOCH3,C H 3COCH3,C H 3NC, CH3OH, and
C2H3CN. In the case of HC3Nw ea r eu n a b l et od e t e r m i n ear o t a t i o nt e m p e r a t u r ea n d
column density from a rotation diagram, as the two transitions we detect in these ob-
servations are too close in upper energy level. We instead determine the column density
from the parameters derived for only the 24(0)–23(0) v7=2 transition of HC3N. We also
compute a ratio of deuterium to hydrogen of 0.08, using the column densities of HC3Na n d
DC3N. This value is enhanced compared to the standard interstellar value of 1.5×10−5.
Chemical modelling by Awad et al. (2014) found that an enhanced deuterium fractiona-
tion is found in high density hot cores or when there is a high depletion factor. However,
as we only detect one transition of a deuterated species a further analysis is beyond the
scope of this chapter. The rotation diagram for C2H3CN (Figure 6.20) indicates that v=0
and v=1 transitions may trace diﬀerent temperature and density components in IRAS
17233–3606. Further detections of v=1 transitions are needed, however, to conﬁrm multi-
ple components in the rotation diagram.
In Table 6.27 we include the column densities derived for G31,G 2 9 ,G 1 9 ,G 2 4 A 1 ,a n d
G24A2 in Chapter 3, for molecules that have been detected in IRAS 17233–3606. IRAS
17233–3606 is the richest spectral source studied in this thesis. We ﬁnd for some species,158 Chapter 6. The Chemical Composition of IRAS 17233–3606
such as HNCO, the column density is an order of magnitude higher in IRAS 17233–3606
than in G31. For other species, such as HCOOCH3 and C2H3CN, column densities peak
in G31. The 12–11 K ladders of CH3CN and CH3
13CN were detected and analysed by
Leurini et al. (2011) and Leurini et al. (2008), and found a column density of 4×1016 cm−2
with an excitation temperature of 150K, determined from modelling. This value is of the
same order of magnitude as CH3CN column densities found in G24A1 and an order of
magnitude lower than those found in G31.
Table 6.26: Column densities (cm−2)o ft h em o l e c u l e si d e n t i ﬁ e di nt h e s eo b s e r v a t i o n si n
IRAS 17233–3606 calculated at their rotation temperatures,a s s u m i n gL T Ea n do p t i c a l l y
thin emission. For DC3Na n dH 2
13CO the column density is computed at 300K as only
as i n g l et r a n s i t i o ni sd e t e c t e d . F o rH C 3Nt h ec o l u m nd e n s i t yi sa l s oc o m p u t e da t3 0 0 K
as the upper energy levels of the detected transitions are tooc l o s et od e r i v ear o t a t i o n
temperature.
DC3N† C2H5CN HNCO H2
13CO
4.37 (0.36)×1013 4.40 (0.35)×1016 3.45 (0.18)×1017 6.60 (0.23)×1017
HC3N† HCOOCH3 CH3COCH3 CH3NC
5.62 (0.25)×1014 5.86 (0.22)×1016 1.70 (0.22)×1018 3.65 (0.59)×1014
CH3OH C2H3CN
5.82 (0.14)×1017 4.24 (0.15)×1016
Using the rotation diagram method we are able to estimate rotation temperatures for
species where we detect more than one transition; we assume the source ﬁlls the beam for
all species. Table 6.28 shows the rotation temperatures for C2H5CN, HNCO, HCOOCH3,
CH3COCH3,C H 3NC, CH3OH, and C2H3CN in IRAS 17233–3606. The rotation temper-
ature we determine for C2H5CN is very low at 44K, and hence indicates this molecule
either traces a particularly cold subcondensation, or that the assumption of optically thin
emission breaks down (Goldsmith & Langer 1999). HNCO and CH3NC have far lower ro-
tation temperatures compared to CH3OH, HCOOCH3,C H 3COCH3,a n dC 2H3CN. This
suggests that either HNCO and CH3NC trace a colder region or they represent a lower
limit to the rotation temperature, and hence the column densities for these molecules
would be a lower limit. We do note, however, that the error on the CH3NC transition
with an upper energy level of 240K is very large, and if it were found to have a value at
the upper end of its error range, the rotation temperature derived for CH3NC would be
comparable to the rotation temperatures for CH3COCH3.6.3. Column densities and rotation temperatures 159
Table 6.27: Column densities (cm−2)o ft h eo r g a n i cm o l e c u l e sd e t e c t e di nC h a p t e r2 ,
assuming LTE and optical thinness. The associated error for each column density is in
brackets. For molecules where only a single transition has been detected the column
densities listed are calculated at 300K. For molecules wherear o t a t i o nt e m p e r a t u r ei s
known, the column densities are computed at that temperature.
Object C2H3CN DCO2HH N C O C 2H5CN
300K
G31 1.47 (0.61)×1018 5.00 (0.46)×1016 3.69 (0.39)×1016 1.56 (0.42)×1016
G29 ... 1.61 (0.40)×1016 1.80 (0.25)×1016 2.25 (0.65)×1015
G19 2.87 (0.60)×1017 1.28 (0.41)×1016 2.02 (0.22)×1016 4.69 (0.36)×1015
G24A1 2.90 (0.73)×1017 ... 1.43(0.51)×1016 5.26 (0.39)×1015
G24A2 7.27 (0.44)×1017 1.60 (0.71)×1016 1.75 (0.43)×1016 6.38 (0.43)×1015
Object CH3CNa CH2(OH)CHO HCOOCH3
G31 8×1016 (164K) 1×1017†† (300K) 6.06 (0.03)×1017††† (223K)
G29 1×1016 (158K) 5.14 (0.66)×1015 (300K) 1.62 (0.32)×1016 (300K)
G19 2×1016 (244K) 4.59 (0.62)×1015 (300K) ...
G24A1 2×1016 (132K) 3.95 (0.40)×1015 (300K) 3.42 (0.48)×1016 (300K)
G24A2 2×1016 (132K) 8.14 (0.49)×1015 (300K) 3.80 (0.41)×1016 (300K)
a CH3CN has been observed to be optically thick in all these objectss ot h ec o l u m nd e n s i t i e s
are those derived by (Beltr´ an et al. 2005, 2011) using observations of CH3
13CN. Column
density errors for this molecule are not given in these papers.
†† The column density of glycolaldehyde for G31 has been obtained by Beltr´ an et al. (2009)
using the rotation diagram method, assuming a kinetic temperature of 300K.
††† The column density for this object was determined using the rotation diagram method
assuming a source size of 3. ′′5, see Section 3.1.
Table 6.28: Rotation temperatures derived for C2H5CN, HNCO, HCOOCH3,C H 3COCH3,
CH3NC, CH3OH, and C2H3CN in IRAS 17233–3606.
Molecule Rotation Temperature (K)
C2H5CN 44±5
HNCO 90±4
HCOOCH3 179±25
CH3COCH3 199±6
CH3NC 74±27
CH3OH 163±9
C2H3CN 194±17160 Chapter 6. The Chemical Composition of IRAS 17233–3606
Figure 6.14: Rotation diagram for four transitions of C2H5CN detected in these observa-
tions.
Figure 6.15: Rotation diagram for three transitions of HNCO detected in these observa-
tions. We omit the 10(3, 8, 11)– 9(3, 7, 10), 10(2, 9, 10)–9(2, 8, 10) and 10(2, 8, 9)–9(2,
7, 9) transitions from the diagram due to blending issues.6.3. Column densities and rotation temperatures 161
Figure 6.16: Rotation diagram for twelve transitions of HCOOCH3 detected in these
observations. We exclude the 18(14, 4, 0)–17(14, 3, 0), 18(14, 5, 1)–17(14, 4, 1) and
18(8, 11, 4)–17(8, 10, 4) transitions from the diagram due to blending issues.
Figure 6.17: Rotation diagram for seven transitions of CH3COCH3 detected in these
observations.162 Chapter 6. The Chemical Composition of IRAS 17233–3606
Figure 6.18: Rotation diagram for three transitions of CH3NC detected in these observa-
tions.
Figure 6.19: Rotation diagram for the eight transitions of CH3OH and one transition of
13CH3OH detected in these observations.6.4. Spectral modelling 163
Table 6.29: A comparison table between column densities (CD)a n de x c i t a t i o nt e m p e r a -
tures derived through spectral modelling, and through the rotation diagram (RD) method
at speciﬁc temperatures, for the molecules detected in Section 6.2.
Hot core Tex (K) Spectral modelling CD (cm
−2)R D m e t h o d C D
DC3N3 0 0 1 . 5 0 ×10
14 4.37×10
13
C2H5CN 300 1.30×10
17 4.40×10
16
HNCO 200 4.50×10
16 3.45×10
17
H2
13CO 300 2.90×10
16 6.60×10
17
HC3N2 0 0 5 . 6 0 ×10
16 5.62×10
14
HCOOCH3 179 1.00×10
17 5.86×10
16
CH3COCH3 100 4.20×10
16 1.70×10
18
CH3NC 200 1.45×10
15 3.65×10
14
CH3OH 170 1.00×10
18 5.82×10
17
C2H3CN 200 3.00×10
16 4.24×10
16
Figure 6.20: Rotation diagram for the v11=0, v11=1, and v15=1t r a n s i t i o n so fC 2H3CN
detected in these observations.
6.4 Spectral modelling
There still remain many unidentiﬁed molecular transitions within our spectra, making
an accurate spectral model diﬃcult to produce. Despite this,w ea r ea b l et od e t e r m i n e
column density estimates and rotation temperatures (Table 6.29) from the spectral mod-
elling for each molecule we have discussed in the previous section. Normally, we would
interpret the correct column density for a molecule as lying in the range between that
determined through spectral modelling, and that determinedu s i n gt h er o t a t i o nd i a g r a m164 Chapter 6. The Chemical Composition of IRAS 17233–3606
method. However, the spectral modelling column densities are calculated using transitions
that are contaminated with an unknown amount of blending. In the rotation diagrams,
we excluded such transitions to calculate the column densities, despite then often having
very few transitions to determine an excitation temperaturea n dc o l u m nd e n s i t y .C o n s i d -
ering the large diﬀerences between these two column densities (sometimes as high as two
orders of magnitude), we believe that the values determined through the rotation diagram
method are more accurate. With spectral modelling we have been able to determine the
extent of the blending we see in the observations, highlighting the need to identify all of
the emission in the source.
6.5 Conclusions
These observations of IRAS 17233–3606 highlight the diﬃculty of spectral identiﬁcation
in such a complex source. This work has vastly increased the number of species detected
in this object, however, there still remains many spectral features that have not been
unidentiﬁed. In this work we report the ﬁrst detection of DC3N, and H2
13CO, however,
further detections are required to conﬁrm their presence in this object. We also report the
ﬁrst detection of seven transitions of CH3COCH3 and the ﬁrst detection of ﬁve transitions
of CH3NC. We also detect new transitions of HCOOCH3,C 2H5CN, C2H3CN, HNCO,
CH3OH, and HC3N. Despite the blending issues found in IRAS 17233–3606, column den-
sities for the species identiﬁed in this work have been calculated using the rotation diagram
method, to enable a quantitative comparison of the chemistryo fI R A S1 7 2 3 3 – 3 6 0 6a n d
other hot cores. Many more molecules are detected in IRAS 17233–3606 than in G31,
making it the richest hot core discussed in this thesis. The diﬀerences observed in the
column densities of the complex molecules between hot cores are indicative of the physical
diﬀerences between the cores, whether these diﬀerences are due to evolutionary stage or
mass, is however, unclear. Whilst column densities of C2H3CN are higher in G31 than
in IRAS 17233–3606, suggesting that G31 is the older core, theG 3 1c o l u m nd e n s i t i e s
are only derived from one transition making column densitiesl e s sr e l i a b l e ,a n dt h i sc o n -
clusion uncertain. It is possible that a ratio of complex molecule column densities, such
as C2H3CN/C2H5CN, could be used as evolutionary indicator, this however, needs to be
tested through chemical modelling and observations of a larger sample of hot cores.6.5. Conclusions 165
Further work is needed to fully identify all of the emission int h e s eo b s e r v a t i o n so f
IRAS 17233–3606. It is likely that much of the emission is due to isotopologues of the
species already identiﬁed in the spectra, which do not have full line catalogs.166 Chapter 6. The Chemical Composition of IRAS 17233–3606Chapter 7
Conclusions
However beautiful the strategy, you should occasionally look at the results.
Winston Churchill
7.1 Summary of results
The aim of this thesis has been to explore how complex molecules can be used to trace
the earliest stages of massive star formation. This has been undertaken by the study of
several diﬀerent hot cores through both observations, and chemical and spectral modelling.
In Chapter 2, interferometric data from the PdBI were analysed in the frequency range
220.20995 GHz to 220.75969 GHz towards six hot cores: G31, G29, G19, G10, G24A1, and
G24A2. The aim was to identify seven lines that were unidentiﬁed by Beltr´ an et al. (2005)
in G31, and look for their presence in the other ﬁve hot cores, as well as identify other com-
plex molecules that were identiﬁed by Beltr´ an et al. (2005) in G31 and G24 but not in G29,
G19 and G10. We have identiﬁed three new transitions of methylf o r m a t e( H C O O C H 3)
in G31, two of which are vibrationally excited lines. We postulate that we have identiﬁed
the 202,18 –19 3,17 transition of glycolaldehyde in two more hot cores bringing the total
number of detections in high mass star forming regions, outside the Galactic Centre, to
ﬁve hot cores. We have mapped the spatial scale of methyl formate and glycolaldehyde,
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and compare this to the spatial scale of CH3CN. Comparatively methyl formate traces
ar e g i o ns l i g h t l ym o r ec o m p a c tt h a nt h a to fm e t h y lc y a n i d eb u tg l y c o l a l d e h y d ee m i s s i o n
still remains the most compact to date. At this stage we can notc o n c l u d ew h e t h e rt h e
fact that methyl formate is more extended than glycolaldehyde is a question of excitation
or chemistry. We do ﬁnd, however, that in G29 methyl formate and glycolaldehyde are
tracing a an emission region of 0.05pc which is comparable to the compact emission of
glycolaldehyde in G31 (0.08pc). In G24 methyl formate and glycolaldehyde both trace a
region comparable in size to the region traced by methyl formate in G31. We have also
identiﬁed transitions of HNCO, C2H5CN, C2H3CN, and DCO2Hi nG 2 9 ,G 1 9 ,G 2 4 A 1 ,
and G24A2, which were identiﬁed in G31 by Beltr´ an et al. (2005).
In Chapter 3, we performed a rotation diagram analysis of the methyl formate emission
in G31 which yielded a column density of 6.06×1017 cm−2.T h i s i s a t l e a s t t w o o r d e r s
of magnitude larger than the column densities in the other hotc o r e si no u rs a m p l e .W e
ﬁt a single–temperature component of ∼223K (using a source size of 3. ′′5) to methyl
formate emission in G31, however, the rotation diagram is very scattered, indicating non-
LTE excitation or optically thick emission. Additionally, this may be due to multiple–
temperature components being present in the data. The compact spatial extent of the
vibrationally–excited transitions detected in G31 does indicate that it traces the dense,
and hot parts of hot cores. In this chapter we also spectrally model the 202,18 –19 3,17
transition of glycolaldehyde to explore the possible contamination of this transition with
the 4620,26 –46 19,27 EE and 1111,1,1 –10 10,0,1AE transitions of acetone. We ﬁnd that any
contribution of acetone emission to the line seen at 220.466GHz is not signiﬁcant. More
observations are needed to conﬁrm the presence of glycolaldehyde in G29, G19, G24A1,
and G24A2. The other complex molecule detections in our sample highlight chemical
homogeneity among G29, G19, G24A1 and G24A2, not only in termso fp r e s e n c eo r
absence of certain transitions but also when comparing column densities. G31 is the most
chemically rich object in the sample studied here, and the signiﬁcantly diﬀerent column
densities we ﬁnd in this core, and the variety of transitions seen may suggest that it
represents a diﬀerent evolutionary stage to the other hot cores in our sample, or it may
surround a star with a higher mass.
In Chapter 4, we have undertaken a comparison between observations and a chemical
model, UCL CHEM, to interpret the molecular inventory of the six cores and qualita-7.1. Summary of results 169
tively characterise each core and its evolutionary stage. Wen o t et h a to ft h es p e c i e sw ea r e
modelling, only methyl formate and methyl cyanide have been extensively studied in the
laboratory (Modica & Palumbo 2010; Bennett & Kaiser 2007; Khliﬁ et al. 1996; Defrees
et al. 1985; Huntress & Mitchell 1979). The other complex molecules are little–known
and it is very likely that our models are missing routes of formation and destruction for
these species. The uncertainties related to the size of the emission region and tempera-
tures, together with the incompleteness of the chemical networks for COMs makes a more
quantitative comparison with chemical modelling inappropriate. However, a qualitative
comparison between our modelling and observations seem to consistently yield a higher
density for G31 than the other objects in our sample, a result consistent with the fact that
most lines are indeed the brightest in G31. We can also safely conclude that our sample
only contains evolved hot cores, with an age of at least 20,000y e a r s . W ea r eu n a b l et o
constrain the mass of each core; this information would have led to better constraints for
the ages.
In Chapter 5, we followed on from the work in Chapters 2–4 by investigating the abun-
dance ratio of acetic acid, glycolaldehyde, and methyl formate, in the same sample of hot
cores. To do this we used the JCMT to detect new transitions of glycolaldehyde, thereby
conﬁrming its presence in G29, G19, and G24, and adding to the number of transitions
that have been detected in G31. We also used these observations to detect new transi-
tions of methyl formate in each of these cores, focusing on excited (v=1) transitions. As
well as these detections, the observations were setup so theyc o u l ds i m u l t a n e o u s l yd e t e c t
transitions of acetic acid for the ﬁrst time in each of our hot cores. This work, high-
lighted the importance of single–dish telescopes in abundance studies of relatively strong
molecules. It did, however, also highlight the diﬃculty of using these telescopes to detect
weak molecules, such as acetic acid, and showed that it is essential that sidebands can
be separated, owing to the very crowded spectra seen in star forming regions, in order to
detect a large number of transitions. We were able to detect nine new transitions of methyl
formate, including four excited (v=1) transitions, four newt r a n s i t i o n so fg l y c o l a l d e h y d e ,
and two new transitions of acetic acid.
Despite the new transitions of methyl formate that were detected, we were unable
to chacterise the methyl formate emission further. A larger number of transitions are
needed, with a focus on isotopologues of the transition already detected, in order to170 Chapter 7. Conclusions
determine optical depths. We also need to detect more transitions of acetic acid, to
conﬁrm its presence in our sample of hot cores, and derive morea c c u r a t ec o l u m nd e n s i t i e s
and rotation temperatures.
Our glycolaldehyde detections allowed us, for the ﬁrst time,t od e t e r m i n er o t a t i o n
temperatures for G29, G19, and G24, which indicate that glycolaldehyde traces a hotter
component than that traced by methyl formate. Unfortunately, the rotation temperature
derived for G31 gave us a negative temperature, indicating that we either need to detect
more transitions at a larger range of upper energy levels, or that glycolaldehyde emission
is optically thick in these objects.
We determine the abundance ratio of acetic acid, glycolaldehyde, and methyl formate
for the ﬁrst time in several hot cores outside the Galactic Centre. The ratio determined
in our hot core sample is similar in all cores except in G31, where a single column density
could not be derived for glycolaldehyde, due to a lack of a rotation temperature. The abun-
dace ratio is similar in all cores except G31, which suggests that G31 is physically diﬀerent
from the other cores. We found methyl formate to be the most abundant molecule in G31.
Methyl formate is also found to be the most abundant molecule in the ratios derived in the
Galactic Centre by Hollis et al. (2001) and Requena-Torres eta l .( 2 0 0 6 ) ,h o w e v e rm e t h y l
formate is relatively more abundant in the Galactic Centre than in our hot core sample.
These diﬀerences may represent a diﬀerence in the formation paths for these isomers in
the Galactic Centre. In this work, we postulate that the abundance ratio of acetic acid,
glycolaldehyde, and methyl formate could be used as a indicator of the age of a hot core,
owing to the slow isomerization towards the most stable isomer (acetic acid), as has been
suggested by some authors (Puletti et al. 2010; Lattelais et al. 2010). Applying this to
our sample of hot cores would mean that G19 is the oldest hot core, followed by G29 and
G24, and G31 is the youngest core.
In Chapter 6, we used the observations by Leurini et al. (2011)o ft h eh o tc o r ei nt h e
star forming region IRAS 17233–3606, to investigate the chemical complexity of the object.
Within the data, there were a large number of unidentiﬁed spectral feature. Through a
combination of spectral modelling and line identiﬁcation methods, we identify several of
these spectral features, and identify some species for the ﬁrst time in the object. We re-
ported the ﬁrst detection of DC3N, and H2
13CO, however further detections are required
to conﬁrm their presence in this object. We also reported the ﬁrst detection of seven7.2. Overall conclusions 171
transitions of CH3COCH3 and the ﬁrst detection of ﬁve transitions of CH3NC. We also
detected new transitions of HCOOCH3,C 2H5CN, C2H3CN, HNCO, CH3OH, and HC3N.
Despite the severe blending of many transitions, we were ablet oc a l c u l a t ec o l u m nd e n s i t i e s
for these objects and compare them to the column densities fort h e s es p e c i e st h a th a da l s o
been detected in G31, G29, G19, and G24. We also derived rotation temperatures through
the rotation diagram method, and found that CH3COCH3 and C2H3CN trace the hottest
components (199K and 194K respectively). Despite this work,t h e r es t i l lr e m a i ns e v e r a l
emission feature that were not identiﬁed, probably due to transitions of isopologues of
many of the species we did identify, whose transitions are notp r e s e n tw i t h i no u rs p e c t r a l
line catalogues.
7.2 Overall conclusions
In Chapter 1, we stated the following key questions we wished to answer with this thesis:
• What are the best chemical tracers of the hottest, densest regions close to where the
star is forming?
• Can molecules be used to trace the ﬁnal mass of the star in a starf o r m i n gr e g i o n ?
• What are the best tracers of the evolution of massive star formation?
• How does the chemistry of the local Galactic environment diﬀer from that of Galac-
tic Centre chemistry?
Through both observational and modelling studies of severalh o tc o r e sw eh a v ef o u n d
that complex molecules can be excellent tracers of the dense,h o tr e g i o n sc l o s et ow h e r e
the star is forming. In particular, we found that to date, glycolaldehyde traces the most
compact region in a hot core outside the Galactic Centre. We also found that its isomer,
methyl formate, can trace a similarly compact region in some hot cores, and may oﬀer
the possibility of tracing multiple temperature components. This raises the question as to172 Chapter 7. Conclusions
what spatial extent does acetic acid, the third isomer in thist r i o ,t r a c e ,a st h e r eh a v eb e e n
no high spatial resolution observations of this molecule, inh o tc o r e so u t s i d et h eG a l a c t i c
Centre. Our studies on the abundance ratio of acetic acid, glycolaldehyde, and methyl
formate also raise the possibility of determining the age of ah o tc o r ef r o mt h i sr a t i oa l o n e .
This work also suggests that the formation routes may be signiﬁcantly aﬀected by the
diﬀerent conditions found in the Galactic Centre, although without a larger sample of
objects, this is diﬃcult to deﬁnitively conclude. What is clear from this work, is that
it is important to detect numerous transitions of a molecule,i no r d e rt od e r i v ea c c u r a t e
column densities and rotation temperatures. This is also important to conﬁne the spectral
models of hot core observations.
Our chemical modelling has shown that it is possible to constrain the age of hot
cores, however, determining the exact age of a hot core compared to others that display
similar evolved complex chemistry is diﬃcult. The uncertainties in the chemical formation
and destruction pathways for complex molecules mean that we cannot not use chemical
modelling at this stage, to constrain the mass of hot cores.
7.3 Future Work
In this thesis we have detected several new molecules, but have not always been able to de-
tect enough transitions to determine accurate column densities or rotation temperatures.
Further observations are therefore needed, to probe the chemical and physical conditions
in hot cores. In particular, higher–resolution observations are needed to probe the region
traced by excited (v=1) methyl formate in G31, G29, G19, and G24. We propose that
observations with ALMA of excited methyl formate transitions will enable the densest,
hottest regions closest to where the star is forming to be traced. ALMA oﬀers an enhanced
spatial resolution compared to the PdBI, which our previous observations were performed
with (see Chapter 2). The highest spatial resolution of the PdBI observations limited the
spatial scale which we could explore to ∼2pc. WithALMAobserv ations,wewouldbeable
to explore scales as small as 0.007pc for the most distant hot core in our sample (G31),
allowing us to probe the potentially new component traced by vibrational excited states
of methyl formate. These observations would also detect a wealth of complex molecules,
such as acetone, glycolaldehyde, and acetic acid, which could be extensively mapped with7.3. Future Work 173
ALMA, providing further insight to the spatial variations oft h ec h e m i s t r yi nh o tc o r e s .
We can also further our work on acetic acid, with lower–resolution studies of G31, G29,
G19, and G24. It is essential that further transitions of acetic acid are detected in these
cores, to conﬁrm its presence in several of them, and ensure accurate column densities
are used to calculate the abundance ratio between acetic acid, glycolaldehyde, and methyl
formate. This ratio must also be calculated in many more hot cores both in and outside
the Galactic Centre, to determine whether it can be used as an evolutionary tracer of hot
cores. These studies would be best achieved with an interferometer, such as the PdBI,
which is less competitive than ALMA, whilst oﬀering a higher spatial resolution than our
JCMT observations.
In order to further the work on IRAS 17266–3606, a more detailed spectral model is
needed to determine the identities of the remaining unidentiﬁed emission in the spectra.
This will require the addition of more line catalogues to the spectral model, particular
those containing isotopologues of common hot core moleculest h a ta r en o tc u r r e n t l yi n
the JPL or CDMS catalogues used by CASSIS. Further to this, a comprehensive chemical
modelling must be performed for the object, to really understand if the complex molecules
that have been detected can be used as tracers of mass and age for this hot core.
Understanding the earliest stages of massive star formationw i t ht h eo b s e r v a t i o no f
molecules provides many challenges that must be overcome. A large scale picture of mas-
sive star formation across the Galaxy, can only be achieved byt a k i n gam o l e c u l a ri n v e n t o r y
of all Galactic hot cores. This will catalogue the chemical and physical diﬀerences in hot
cores, and provide a large enough sample to determine the bestt r a c e r so fe v o l u t i o n ,a n d
mass in hot cores. This work will produce large quantities of spectral data, making the
manual identiﬁcation of molecular transitions a very time consuming process. It is there-
fore essential that more automated processes to identify spectral lines, and determine large
scale patterns in the observations, are found. This techniques will need to be able to deal
with the problems line contamination and line confusion often seen in the spectra of star
forming regions.
In addition to this, the development of more advanced chemical modelling codes is174 Chapter 7. Conclusions
needed to analyse the observational results. These codes will combine chemical codes,
with hydrodynamical simulations, to produce a complete physical and chemical model of
massive star formation. The chemical networks used by these codes will need to contain a
larger number of formation and destruction routes for the species identiﬁed. To achieve this
ag r e a t e rn u m b e ro fm o l e c u l a rl a b o r a t o r ys t u d i e so fc o m p l e xmolecules will also be needed.Appendix A
Appendix A
Here we present a derivation of the relation between the totalc o l u m nd e n s i t y ,Ntot,a n d
the integrated line intensity, W,w h i c hi sd e t e r m i n e df r o mo b s e r v a t i o n s .W eu s et h es a m e
notations as in Goldsmith & Langer (1999).
The antenna temperature Ta produced at a frequency ν by a source with brightness
distribution Bν(θ, φ)i sg i v e nb y :
Ta =( Ae/2k)
 
4π
Bν(θ,φ)Pn(θ,φ)dΩ (A.1)
where Pn(θ,φ)dΩi st h en o r m a l i s e dp o w e rp a t t e r no ft h ea n t e n n a ,k is the boltzman
constant, and Ae is the eﬀective area.
For a source of uniform brightness:
Ta =( Ae/2k)(δΩa)
 
δΩs
δΩa
 
Bν, (A.2)
where Ωa is the antenna solid angle, and Ωs is the source solid angle.
The beam dilution factor is determined by:
 
δΩs
δΩa
 
Bν (A.3)
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Using the antenna theorem Kraus et al. (1986)
AeδΩa = λ2 (A.4)
Using this, equation A.2 becomes
Ta =( λ2/2k)
 
δΩs
δΩa
 
Bν (A.5)
The brightness produced by a source at brightness temperature T with optical depth τ is
Bν =
hν/k
ehν/kT − 1
(1 − e−τ) (A.6)
The optical depth is determined by:
τ =
h
δv
NuBul(ehν/kT − 1) (A.7)
where Nu is the column density of the upper state, Bul is the Einstein B-coeﬃcient for the
transition, and δv is the FWHM in units of velocity. Combining these equations weg e t :
Ta =
hc3NuAul
8πkν2δv
 
δΩs
δΩa
  
1 − e−τ
τ
 
(A.8)
We want to be able to express the column density as a function ofo b s e r v e dq u a n t i t i e s
such as frequency and the integrated line intensity: We can rewrite equation A.8 in terms
of Nu.
Nu =
8πkν2  
Tadv
hc3Aul
 
δΩa
δΩs
  
τ
1 − e−τ
 
(A.9)
If the source ﬁlls the beam, and the emission is optically thinw eg e tt h ee q u a t i o nf o rt h e
relation for calculating the column density in the upper energy level from observational
parameters:
Nthin
u =
8πkν2  
Tdv
hc3Aul
(A.10)177
This can be written in terms of gu,t h es t a t i s t i c a lw e i g h to ft h el e v e lu:
Nu/gu =
8πkν2  
Tdv
hc3Agu
(A.11)178 Appendix A. Appendix ABibliography
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